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The precise determination of the type and concentration of gases is of increasing importance 
in numerous applications. Despite the diverse operating principles of today's gas sensors, 
technological trends can be summarized with the keyword miniaturization, because of the 
resulting benefits such as integrability and energy efficiency.  
This work deals with the development and fabrication of novel nanowire based gas sensors, 
which in comparison to conventional devices have an advantageous combination of high 
sensitivity and selectivity with low power consumption and small size. On the basis of 
grown silicon nanowires, sensors based on the functional principle of classical Schottky bar-
rier field effect transistors with abrupt metal-semiconductor contacts are fabricated. The 
sensing performance of the devices is investigated with respect to the detection of ammo-
nia. Ammonia concentrations down to 170 ppb (120 µg/m³) are measured with a sensor re-
sponse of more than 160 % and a theoretical limit of detection of 20 ppb is determined. Se-
lectivity investigations show that no cross sensitivity to most common solvents occurring in 
living spaces exists. Moisture influences on the device are studied and reveal that the sen-
sor responds within seconds, making it potentially suitable as humidity sensor. Moreover, it 
is shown that a higher relative humidity and higher temperatures decrease the sensor sensi-
tivity. In terms of possible applications, it is a great advantage that the maximum sensitivity 
is achieved at 25 °C. 
With respect to sensitivity and selectivity an enhancement is demonstrated compared to 
most nanosensors known from the literature. Hence, the technology offers the potential to 







Die präzise Bestimmung der Art und Konzentration von Gasen erlangt in zahlreichen Anwen-
dungsgebieten zunehmend an Bedeutung. Trotz der vielfältigen Wirkprinzipien heutiger Gas-
sensoren lassen sich die technologischen Trends mit dem Schlagwort Miniaturisierung zu-
sammenfassen, da sich daraus entscheidende Vorteile wie Integrierbarkeit und Energieeffi-
zienz ergeben. 
Diese Arbeit beschäftigt sich mit der Entwicklung und Herstellung neuartiger nanodrahtba-
sierter Gassensoren, welche im Vergleich zu klassischen Sensoren eine vorteilhafte Kombi-
nation von hoher Sensitivität und Selektivität bei geringem Stromverbrauch und geringer 
Größe aufweisen. Auf der Grundlage gewachsener Silizium-Nanodrähte werden Sensoren 
mit abrupten Metall-Halbleiter-Kontakten hergestellt, welche auf dem Funktionsprinzip klas-
sischer Schottkybarrieren-Feldeffekttransistoren beruhen. Die Eignung der Sensoren wird in 
Bezug auf die Detektion von Ammoniak untersucht. Dabei kann eine minimale Ammoniak-
konzentration von 170 ppb (120 µg/m³) mit einer Signaländerung von mehr als 160 % ge-
messen werden, wobei die theoretische Nachweisgrenze mit 20 ppb ermittelt wird. Selekti-
vitätsuntersuchungen zeigen, dass keine Querempfindlichkeit gegenüber den am häufigsten 
in Wohnräumen vorkommenden Lösungsmitteln besteht. Feuchtigkeitseinflüsse auf den 
Sensor werden untersucht und es wird nachgewiesen, dass der Sensor Ansprechzeiten im 
Sekundenbereich besitzt, was ihn zu einem potenziell geeigneten Feuchtigkeitssensor 
macht. Darüber hinaus wird gezeigt, dass eine höhere relative Luftfeuchtigkeit und höhere 
Umgebungstemperaturen die Sensorsensitivität verringern. In Bezug auf mögliche Einsatz-
gebiete stellt die maximale Empfindlichkeit bei 25 °C einen großen Vorteil da. 
Bezogen auf Sensitivität und Selektivität wird somit eine Verbesserung im Vergleich zu den 
meisten aus der Literatur bekannten Nanosensoren demonstriert. Damit bietet die Techno-
logie das Potential, konventionelle Messsysteme in zukünftiger Sensorik vor allem in portab-
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To date, over 1000 different compounds have been identified in human breath [1]. Many of 
those molecules have been correlated to various diseases and metabolic processes. For 
example, during the last decade approximately 115 volatile biomarkers appearing in exhaled 
breath have been determined being related to cancer [2]. Breath analysis permits the use of 
non-invasive, real-time, and thus cost-effective methods for the diagnosis of a wide variety 
of diseases, including neonatal screening, asthma, renal and liver diseases, lung cancer, 
chronic obstructive pulmonary disease, inflammatory lung disease, or metabolic disorders [3, 
4]. 
One approach in the exploitation of exhaled air for diagnostic purposes is the use of dogs. 
Those can be trained to e.g. identify people with bladder cancer on the basis of urine odor 
[5]. However, it is considered disadvantageous that the mean success rate for olfactory de-
tection by dogs is around 40 %, which is relatively low compared to about 15 % expected by 
chance alone [5]. Additionally, using dogs only allows a qualitative estimation, but no quanti-
tative evaluation of the composition of exhaled breath, which is however required for a rapid 
and enhanced diagnosis of diseases. It remains impressive that dogs can smell molecule 
concentrations range from tens of parts per billion (ppb) to 500 parts per trillion (ppt) [6] by 
their good olfactory sense. When smelling is defined as the result of a chemical analysis of 
the surrounding atmosphere, the way of signal processing between biological and artificial 
systems can be compared as shown in Fig. 1.1. Despite many research activities in recent 
years, the target of developing an artificial nose, also called electronic nose, that can com-
pete with a biological olfactory system has not been reached. The challenges to create so-
phisticated electronic noses are twofold, because olfaction exhibits both high sensitivity for 
odors and clear discrimination between them [7]. Firstly, mammalian olfactory systems ex-
hibit a very large chemical diversity and massive parallelism allowing discriminating 10,000 or 
more distinct odors [8]. This is the result of interaction of more than 400 different types of 
sensing cells in the human nose, where each type is replicated over 100,000 times, for a 
total of around forty million cells overall [9]. In addition, the olfactory system makes use of 
feature detection using broadly tuned receptor cells organized in a convergent neurone 




sensor array with regard to the scale and chemical diversity. This is particularly important 
when the diverse composition of even clean air is considered (Fig. 1.2). Secondly, electronic 
nano- and microscale chemical sensing devices are normally not as sensitive as their coun-
terparts of biological olfactory systems. For instance, not only dog but also human noses can 
perceive gases down to tens of ppb [11], which is lower than the detection limit of most of 
the current nano- and microsensors.  
 
Fig. 1.1: Signal processing in living organisms and in technical systems (adapted from [12]). 
1 Picture from: http://de.slideshare.net/SummerT23/olfaction-12941623, 03.11.2014 
2 Picture from: http://iphoneroot.com/wp-content/uploads/2009/11/chenical-sensor.jpg, 03.11.2014 
 
In addition to the use of gas sensors in medical applications, there is a great need for devel-
oping highly sensitive sensors for various application areas, like environmental monitoring, 
air quality control, and detection of explosive and toxic gases. Those developments to con-
trol hazardous gases, offensive odors, volatile organic compounds (VOCs), and other air pol-
lutants are supported by various laws and directives around the whole globe, like the Offen-
sive Odor Control Law in Japan, Occupational Safety and Health Act in the US, and the Air 
Quality Directive 2008/50/EC in Europe to name a few examples [13-15]. However, the need 
for highly sophisticated gas sensors is not only recognized by politics, but also by the indus-
try, which reacts to this demand. This can be seen, because the global sensor market 
reached $68.2 billion in 2012 and is expected to continue to grow, so that $116.1 billion will 





















Fig. 1.2: Composition of clean air. VOCs include benzene, toluene, hexenal, C9-benzene, C10- ben-
zene, acetonitrile, and ethylvinylketone. 
 
In this market, semiconductor based sensors fabricated using mature microfabrication 
methods or novel nanotechnology are among the most important competitors. Silicon turns 
out to be advantageous in the field of semiconducting sensor materials due to reasons like 
low cost, reproducibility, controllable electronic behavior, and the abundant data for chemical 
treatments on silicon oxide. In particular silicon nanowires are considered to be a next gen-
eration building block for chemical sensing systems, because of their high surface-to-volume 
ratio, which is favorable to reach high sensitivities. Special interest is in the detection of 
ammonia (NH3), because it is not only one of the most common gases found in production 
processes in manufacturing plants, it is also one of the most dangerous. Apart from the wide 
spread use of ammonia sensors in leak detection in various industries particularly in the 
chemical industry, such as production of fertilizers, pharmaceuticals, fabrics, and dyes, the 
need for the detection of NH3 is also present in other areas. Especially low concentration 
measuring ranges dominate in medical applications for the diagnosis of certain diseases, like 
kidney disorder and ulcers [17, 18]. 
1.2 State of the Art 
In the following, the state of the art related to silicon nanowire based sensors for the detec-
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much attention as promising components for future nanoscale devices, especially for the 
detection of ammonia. In 2003, Zhou et al. studied the electrical resistance change of SiNW 
bundles upon exposure to NH3 [19]. This work firstly demonstrated the ability of SiNWs in an 
electrical sensor device for gas sensing applications. It has to be pointed out that in this 
study bundles of oxide-assisted grown SiNWs were used, instead of single wires. Those 
NWs were prepared by pressing them of about 0.4 mg in weight onto a glass surface. By 
applying silver glue at the two ends of each bundle of SiNWs, two electrodes were fabricat-
ed with a gap of 5 mm. Non-etched wires hardly showed any change in electrical resistance 
to a NH3 concentration of 1000 ppm, whereas the relative resistance of etched SiNWs with 
a native oxide shell changed in the order of 10,000. 
Since then, several research groups have focused on the development and improvement of 
sensing devices composed of SiNWs. Table 1.1 gives an overview of SiNWs based sensors 
investigated upon NH3 exposure. Nanowires that have not been functionalized are referred 
to as bare. 
Table 1.1: Overview of SiNW based sensors for the detection of ammonia. 




2003 BU (n) 
~20 nm (d) 
5 mm (g) 
Si-H 
(via HF etch) 
Resistor 1000 ppm [19] 
2006 TD (p) 
76 ± 5 nm (d) 
4 µm (g) 
Bare FET No data [20] 
2006 BU (p) 
76 ± 5 nm (d) 
4 µm (g) 
Bare Resistor Sat. con.1 [21] 
2008 TD (p) 
16 nm (w) 
5 µm (l) 
Peptides Resistor 100 ppm [22] 
2009 TD (p) 
75, 130 nm (w) 
20 µm (l) 
Bare Resistor 250 ppm [23] 
2011 TD (p) 
~200 nm (d) 
4-6 µm (l) 
PTE from metal2 Resistor 500 ppb [24] 
2012 
BU (n) 
100 nm (d) 
20 µm (l) 
Bare Resistor Pure [25] 
TD (n) 
100 nm (d) 
10 µm (l) 
2012 BU (n) 
150 nm (d) 
˃20 µm (l) 
Bare Resistor 175-700 ppm [26] 
2013 BU3 50 nm (d) Te nanoparticles Resistor 10-400 ppm [27] 
a TD: top-down, BU: bottom-up, p: positive type doping, n: negative type doping 
b w: width, l: length, d: diameter, g: gap between electrode contacts 
1 Sat. con.: saturated concentration 





In the literature, several works report on the sensing response to NH3 of devices based on 
SiNWs without any chemical functionalization. Kamins and co-workers presented metal-
catalyzed bridging SiNWs grown between silicon electrodes and exposed to a saturated va-
por of NH3 at reduced pressure [21]. This led to a decrease of the conductance within 2 % 
for the p-type nanowires. Additional nanowire structures protected from the analyte were 
used as reference devices. The group of Rokad demonstrated a field-effect transistor (FET) 
with dense SiNWs arrays, fabricated by a top-down technique based on nanoimprint lithog-
raphy [20]. The operation of the array as a FET was realized by metallic contacts and a bot-
tom gate. When NH3 is adsorbed, the threshold voltage is shifted proportional to the concen-
tration. In a further approach, the fabrication of SiNW sensors by SU8/SiO2/PMMA trilayer 
nanoimprint was based on a silicon on insulator (SOI) substrate, which was doped by boron 
[23]. The devices were used for detecting 250 ppm NH3. Different line widths of the nan-
owires were tested and the highest sensitivity of 19.7 % was determined for a width of 
75 nm. In 2012, two types of resistors for NH3 detection were represented with on the one 
hand, non-intentionally doped SiNWs fabricated by the vapor-liquid-solid (VLS) growth meth-
od (bottom-up approach) and on the other hand, the so-called sidewall spacer method (top-
down approach), respectively [25]. Pure NH3 exposure resulted in a relative response of ~20 
for VLS SiNWs based resistors and ~1000 for polysilicon SiNWs based resistors. The VLS 
SiNWs based resistor type was further examined regarding different electrode structures 
[26]. Measurements under exposure to a range of NH3 concentration from 175 ppm to 
700 ppm were performed with comb-shaped and V-shaped groove structures, respectively. 
The detection response was determined to be around 10 for both structures at a concentra-
tion of 175 ppm, but the V-shaped groove based resistor is more compatible with integration 
into planar technologies. 
To find a way for selective detection of ammonia, McAlpine et al. explored the possibilities 
of linking peptides to SiNW sensors [22]. The surface of the nanowires was passivated with 
peptides using amide-coupling chemistry. Upon exposure to NH3 and acetic acid vapors, the 
peptide/nanowire sensors demonstrated the ability to discriminate analyte molecules at a 
concentration of 100 ppm from chemical mixtures. It was concluded that the results serve 
as a model platform for what can be realized in terms of selective and sensitive electronic 
noses. 
In et al. reported a novel fabrication method based on two separate nanosphere lithography 
steps in order to achieve high sensitivity in ammonia sensing [24]. Arrays of vertically aligned 
SiNWs topped with a periodically porous top electrode enabled to greatly increase the sensi-




enhanced sensing response times of approximately 6 min for NH3 by allowing target gases 
to pass through freely (Fig. 1.3). 
A recent study showed SiNWs modificated with tellurium nanoparticles by the reduction of 
Na2TeO3 [27]. These devices detected NH3 in the range 10-400 ppm with response times of 
5 s and the recovery times of 8 s. Ammonia reduces the tellurium oxide, which is present on 
the surface of Te nanoparticles. Thus, the majority carrier density in the Te is decreased, 
which in turn reduces the conductivity of the sensor. 
         
Fig. 1.3: Vertical SiNW array based NH3 sensor. (a) Schematic representation of the periodically po-
rous top electrode nanowire array sensor concept. (b) Sensor response to various concentrations of 
NO2 and NH3 following 2 min of clean air at a constant temperature of 40 °C and relative humidity of 
30 % [24]. 
1.3 Scope of this Thesis 
The aim of this work is to develop and fabricate a gas sensor for the selective detection of 
low ammonia concentrations. To reach this goal, the fabrication of nanowires as reliable and 
reproducible components is required. For the simplification of the synthesis process copper 
nanowires are electrochemically prepared and parameters affecting the morphology of the 
wires are analyzed. The use of silicon nanowires represents an enhancement. A further re-
quired task on the way to achieve the main objective of this work is the design and assem-
bling of an electrical measurement system, which allows the parallel evaluation of multiple 
sensors under a defined gas atmosphere. Moreover, this thesis intends to explain the basis 
of gas detection mechanisms of silicon nanowire based sensors. The studied sensing devic-
es consist of undoped, monocrystalline silicon nanowires as recognition element. The pecu-
liarity of these sensors is the abrupt metal-semiconductor interface achieved by silicidation. 
To determine the mechanisms that take place during ammonia exposure is the focus of in-
terest of this study. 
The thesis is composed of six further chapters after the introduction. 
In the second chapter, different sensor types are reviewed with a particular focus on semi-
conductor sensor concepts. The introduced detection techniques are compared with each 
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Figure1. Schematic illustration of the periodically porous top
electrode (PTE) nanowire array sensor concept.
material, exposing the tips of the nanowires, and depositing
the top contact electrode [3, 11, 12]. With this approach,
the nanowire sensing region is exposed upon removal of
the sacrificial material. However, because the top electrode
layer is non-porous, analyte gases can only enter from the
periphery of the nanowire array and must subsequently traverse
a labyrinthine network of nanowires. This delays the response
and unequally exposes the nanowires at the edge and centre
of the array. Attempts to overcome this problem include
the deposition of a porous gold nanoparticle film on top
of the nanowire array [13] and the random gap-bridging of
nanowires during growth [14]. These methods improve the
sensing response by allowing the analyte to directly reach the
nanowires, but the size and distribution of analyte pathways
cannot be precisely controlled. More importantly, the resulting
nanowire-to-electrode or nanowire-to-nanowire connections
are inherently random and inconsistent. Porous electrodes
may also be formed by using electron beam (e-beam)
lithography [15] or focused-ion-beam (FIB) milling [16],
but the serial and time-intensive nature of such processes
preclude them from being used in large-area or large-batch
applications.
We demonstrate a quick, repeatable and scalable new
method for creating chem/biosensors based on large arrays
of vertically aligned nanowires. Our approach uses two
separate nanosphere lithography steps to first create large,
well-ordered arrays of vertical nanowires and then fabricate
a periodically porous top electrode that makes consistent
electrical connections to every nanowire in the array (figure 1).
A periodically porous top electrode, henceforth referred to as
PTE, is an electrode layer lying on top of the nanowire array
that is packed with uniform holes of controllable size and
distribution. Fast and highly sensitive detection of ammonia
and nitrogen dioxide in humidified air using the PTE nanowire
array sensor configuration is demonstrated.
2. Methodsandmaterials
In this study, a combination of nanosphere lithography and
metal-assisted chemical etching was used to first synthesise
well-ordered arrays of silicon nanowires (SiNWs) [12]. Silicon
was chosen for its ease of fabrication and integration as
well as the wide availability of various functionalisation
and surface modification techniques for increased sensitivity
and selectivity [1, 4, 17–20]. Precise control over dopant
type and concentration is available in commercially obtained
wafers. Our process started with a 100 mm diameter B-
doped p-type Si(100) wafer of resistivity ∼10 cm that
was cut into 1 cm2 pieces and successively cleaned in
a 3:1 solution of H2SO4:H2O2(30%), 1:1:5 solution of
H2O2(30%):NH4OH:H2O and deionised water. The resulting
hydrophilic substrate was then spin-coated [21] (figures 2(a)
and 3(a)) with a close-packed monolayer of 490 nm
polystyrene nanospheres (Bangs Laboratories, 10% w/ v). The
nanosph res were subs quently reduc d in diameter via an
Figure2. Outline of the nanowire sensor fabrication process: (a) spin-coat monolayer of close-packed nanospheres; (b) reduce nanosphere
diameter in oxygen plasma; (c) deposit cat lyst material for Si etching and ri se aw y nanospheres; (d) catalytic, anisotropic etching of Si;
(e) embed nanowire array in thick photoresist and etch back in oxygen plasma to reveal nanowire tips; (f) spin-coat second monolayer of
close-packed nanospheres; (g) reduce nanosphere diameter in oxygen plasma; and (h) deposit top electrode material and dissolve away






other in order to show their individual advantages and limitations for the measuring of am-
monia. In particular, the characteristics of nanoscale gas sensors are compared to bulk mate-
rials leading to silicon nanowire structures, which are motivated with respect to their use in 
gas sensors. Finally, the importance of the detection of ammonia is explained. 
Chapter 3 presents an electrochemical synthesis method for copper nanowires. Special at-
tention is dedicated to the parameters, which affect the wire morphology. These effects are 
relevant for the controlled nanowire growth. Lastly, the experimental results are discussed 
based on the theoretical background resulting in guidelines for the formation of copper nan-
owires. 
Chapter 4 describes the details of the experimental techniques used to fabricate silicon nan-
owire based ammonia sensors. The focus is on the nanowire transfer and oxidation, sensor 
design, fabrication of contact electrodes, and the fabrication of Schottky contacts within a 
nanowire. 
Chapter 5 is focused on the developed gas exposure apparatus. After discussing the state of 
the art and determining the requirements of those test systems, the technical implementa-
tion of the device used in this work is introduced. The four main parts are described in detail 
in order to demonstrate, how exactly the system works. Subsequently, the operational pro-
cedure of the gas measurements is presented. 
In chapter 6, two different kinds of sensors are characterized electrically and with respect to 
their sensing performance towards ammonia. Introductory, necessary conditions for a high 
sensor quality are defined, which are the basis for the subsequent analyses of the conduct-
ed measurements. Firstly, the results of the sensing behavior of devices based on native 
SiO2 shell SiNWs towards ammonia and interfering influences, such as humidity and tem-
perature variations, are demonstrated and discussed. Secondly, the sensing behavior of a 
device with thermally grown SiO2 layer silicon nanowires is studied. Finally, the results of 
both sensor types are compared. 
Chapter 7 summarizes the main results of this work, draws the conclusions and shows per-
spectives for future projects with regard to the continuation of the research topics opened 






The purpose of this chapter is to give an overview of alternative sensor concepts and to pre-
sent the state of the art in the field of gas sensing, in particular of ammonia (NH3) detection. 
First, some terminology is presented to provide a common knowledge base in the field of 
gas sensing followed by a historical outline. In the next section, classes of gas sensors di-
vided into optical, electrochemical, electrical, mass-sensitive, magnetic, and thermometric 
mechanisms are described. Some key points concerning semiconductor gas sensor tech-
nology and their gas sensing properties are subsequently discussed. This leads to nanoscale 
gas sensors and especially silicon nanowire based sensing devices. Finally, potential applica-
tion areas of ammonia sensors and already existing sensing principles are presented, ex-
plaining why the focus in this work is on ammonia sensing. The chapter is concluded with a 
short summary. 
2.1 Introduction to Gas Sensors 
Ambient air is composed of many different kinds of chemical species, natural and artificial, 
some of those are vital while many others are more or less harmful [13]. Therefore, the ac-
curate determination of gas concentrations is important for many areas of application. This is 
usually accomplished by sensors. The term “sensor” still has no generally accepted defini-
tion. Therefore, it is necessary to define how it will be used in this work. The word “sensor” 
describes the whole device, following the Oxford English Dictionary definition, e.g. “a device 
which detects or measures a physical property and records, indicates, or otherwise re-
sponds to it”. A gas sensor is a sensor for detecting gaseous substances and is thus a 
chemical sensor. In the literature various definitions of chemical sensors can be found. Here, 
a suitable definition by Wolfbeis was considered appropriate: “Chemical sensors are small-
sized devices comprising a recognition element, a transduction element, and a signal pro-
cessor capable of continuously and reversibly reporting a chemical concentration.” [28]. 
Generally, accepted properties of such sensors comprise that sensors should [12]: 
 Transform chemical quantities into electrical signals, 
 Respond rapidly, 
 Maintain their activity over a long time period, 




 Be cheap, 
 Be specific, i.e. they should respond exclusively to one analyte, or at least be selective 
to a group of analytes. 
These characteristics should additionally include a high sensitivity, which allows the sensor 
to detect low concentrations. In order to meet the above mentioned requirements, a gas 
sensor usually consists of a recognition element (receptor) and a transducer connected in 
series, see Fig. 2.1. In the majority of gas sensors, the working principle is based on the in-
teraction of the recognition element with the analyte molecules resulting in a change of the 
physical properties in such a way that the connected transducer can gain an electrical signal. 
Other possibilities are that either one component acts as receptor and transducer or addi-
tional elements are necessary units for signal amplification and conditioning [12]. A gas sen-
sor detects gases, which are called analytes and commonly used units to express gas con-
centrations are parts per million (ppm), parts per billion (ppb), and parts per trillion (ppt). All of 
these values define the molar concentrations of the analyte within the tested gas sample. 
 
Fig. 2.1: Schematic illustration of a typical gas sensor system. The analyte interacts with the receptor, 
which changes its physical properties. This results for instance in a current variation of the transducer. 
The electronics is responsible for signal amplification etc. and the computer for the data analysis. 
 
Sensors for the detection of gases incorporate versatile and partially lifesaving functions, 
nevertheless they are employed mostly inconspicuous. They are applied to monitor the envi-
ronment, in industrial processes as well as in everyday life, and health of people. Some ex-
amples of application include exhaust gas sensor systems for efficient emission reduction 
[29], monitoring of carbon dioxide in the environment [30], and cancer identification by the 
analysis of breath [31]. Significant progress has been made in recent years and the literature 
is full of interesting developments. Lately developments contain a wide range of technolo-
gies, including improved surveillance systems for security applications and miniaturization of 
systems that were only used in laboratories.  
Further developments in the field of gas sensing technology are expected also in the future, 











sound the alarm when gas leaking from broken pipes in households occurs. Oxygen meters 
might optimize the combustion in heating systems, engines and power plants. In air-
conditioned buildings or car interiors sensors for carbon dioxide would be able to draw atten-
tion to impeding fatigue. Joggers could check with ozone measuring instruments whether 
they should postpone their run, and some diseases can be detected by means of trace gas-
es in the exhaled air [32]. 
2.1.1 History of Gas Sensor Development 
People have worked in toxic environments since before recorded history, such as carbon 
monoxide sources from open flame of pre-historic cave painters. The first attempts to detect 
hazardous gases were performed in coal mines. With the beginning of the Industrial Revolu-
tion, coal as fossil fuel became very important. Coal is mined in mines, where methane ap-
pears naturally from the ground. This gas is especially dangerous, because it can neither be 
seen nor smelled and can be fatal. The first method involved using humans, where one per-
son, before the shift started, wore a wet blanket over his shoulders and head carrying a long 
wick with its end lit on fire. The methane gas ignited, when the person encounters it. To 
protect the life of humans, the next method of detection was to use canaries in mines in the 
early 20th century [33]. The concept was to carry the bird in its cage into the mine and it 
would exhibit the effects of the toxic atmosphere before they became injurious to humans. 
A further development of gas detection was the flame light, which contained the flame in-
side a glass barrel and was encapsulated in a flame-arrestor shell so that there was no way 
the flame could ignite the outside atmosphere. By means of graduation marks on the glass, 
it could be determined, whether oxygen is absent or a combustible gas is present. While this 
method improved the safety compared to the lighted wick and provided light, an accidentally 
dropped lamp could still ignite the atmosphere if methane was present. 
Only since the 1960s, gas sensors were introduced for non-professional use. Before that, 
some gas sensing methods just for limited fields were developed. Examples are two tech-
nologies for detecting combustible gases in the 1920s, one based on light-wave interference 
and the other one using a platinum catalyst in a Wheatstone bridge electronic circuit [34, 35]. 
In 1953, Brattain and Bardeen demonstrated that a gas can affect the electrical properties of 
a material by the change of the semiconducting properties of germanium with a variation of 
the partial pressure of oxygen in the environment [36].  
It was only in 1962 that the first resistive sensor for detecting inflammable gases using ox-




shown in Fig. 2.2a. In the same year, Taguchi invented independently the same type device 
based on SnO2 (Fig. 2.2b) and pioneered the application of metal oxide semiconductors to 
gas sensing [38]. Devices based on this technology are called Taguchi gas sensors (TGS). 
Fig. 2.2c shows an experimental setup, where a Japanese sake bottle was used as gas 
chamber. 
    
Fig. 2.2: Former gas sensors and measuring setup. (a) Design of a tabled-shaped gas sensor, in which 
ZnO was held by iron sand at both sides and pressed. The sensor cracked with repeated heat cycles, 
because the expansion coefficient of the both materials was quite different. (b) SnO2 gas sensor de-
vised by Taguchi. Commercially available SnO2 was pressed and a Nichrom wire was used as a heat-
er. A semiconductor glass mixed with equivalent Ag2O was used as junction between SnO2 and the 
heater and electrode to increase the conductivity. (c) Japanese sake bottle used as gas chamber. [39] 
 
The semiconductor gas sensors were further developed including the addition of catalyst 
materials, which are e.g. noble metals like Pd, before being commercialized for non-
professional uses in the 1970s. Gas sensor technology expanded largely since 1980s and in 
recent years, a variety of further technologies was developed for gas detection. In the fol-
lowing, some of these technologies are discussed. 
2.1.2 Gas Sensor Classification 
Here, a brief overview of the more common methods of gas detection currently in use is 
given. It is important to point out that this summary is not comprehensive. Many different 
methods based on different materials and operating on diverse principles have been devel-
oped for detection over the years and may be used in very specific areas of detection. Addi-
tionally, variants of the approaches described here can also be employed. Six general cate-
gories of sensors are prevalently distinguished, considering signal transduction mechanisms 
[40]: 
(1) Optical sensors, 
(2) Electrochemical sensors, 
(3) Electrical sensors, 




(4) Mass-sensitive sensors, 
(5) Magnetic sensors, 
(6) Thermometric sensors. 
In the following, the six types of sensors are introduced to get an insight and understanding 
of the different existing working principles of gas detection. 
 
Optical sensors 
Optical gas sensors detect the modulation of some properties of the radiation that result 
from the interactions between various forms of light or electromagnetic waves and the ana-
lyte. Most gases can absorb infrared (IR) light at wavelengths, which are characteristic of the 
bonds present. For these gases, the absorbance of the gas is proportional to the concentra-
tion. Most small portable systems employing this technology use Nondispersive IR (NDIR), 
where a polychromatic light source is used to pass electromagnetic energy through a gas 
sample (Fig. 2.3a). An optical filter in front of the light detector allows limiting the incoming 
light to only particular wavelengths [41].  
In another approach the light is transmitted through an optical waveguide, whose surface is 
coated with a sensitive layer. A fiber optic sensor typically includes three parts, a source of 
incident light, an optrode, and a transducer to convert the changing photonic signal to an 
electrical signal [41]. The optrode contains the reagent phase membrane or indicator, which 
influences the intensity or spectrum of the guided light inside the fiber affected by the ana-
lyte [42]. The location of the reagent varies with different sensor types, so also the end of 
the fiber can be coated (Fig. 2.3b). 
   
Fig. 2.3: Optical gas sensor. (a) Nondispersive infrared and (b) fiber optic based gas detection [41]. 
 
A special type of optical sensors operates with surface plasmon resonance (SPR). In the SPR 
method, the resonance angle is very sensitive to the refractive index of the medium outside 
the metal thin film and thus the measurement of this angle can be used to detect gas con-
centrations [43]. When monochromatic light is incident on a surface of an optically dense to 





reflected, but it still forms an electric field in the optically thinner medium. This decreases 
exponentially with the distance from the surface. If this surface is now coated with a very 
thin non-magnetic metal, the electric field penetrates the conductive layer and surface plas-
mons are generated. Only if these plasmons are in resonance with the photons, a reflection 
now occurs. The resonance is dependent on the wavelength, the angle of incidence of light 
and also highly sensitive to the refractive index at the surface of the interface. The reflection 




Gas sensors based on electrochemical cells are made of two or more electrodes, which are 
connected by an electrolyte, in which gas can diffuse through a membrane into the reaction 
chamber. Similar to a battery cell, a chemical reaction takes place under the influence of the 
measured gas, which leads to a voltage (potentiometric measuring principle), an electric cur-
rent (amperometric measuring principle), or conductivity (conductometric measuring princi-
ple) depending on the operating mode of the sensor [41]. The reagents in the electrolyte, the 
electrode material, and the membrane determine the characteristics of the sensor. The elec-
trodes are often made of catalytic metals, like platinum or palladium, or they can be carbon 
coated metals and have a high-surface area to react with as much of the analyte as possible 
for a high sensing signal. Additionally, they can be modified to enhance their reaction rates 
and extend their lifetime. The reactions that can occur are limited by the electrolyte, because 
this medium carries charges using ions instead of electrons, which contributes to the selec-
tivity of the sensor. Electrochemical gas sensors generally have a greater selectivity than 
semiconductor gas sensors. They are suitable for quantitative measurements, though the 
area of application is preferably in the lower concentration range in favor of a longer working 
life span (due to the lower material conversion). At some point, however, the electrolytes are 
spent and then the sensor needs to be replaced. Thus, this technology is not suitable for 
maintenance-free devices. Their use is mainly in the industrial sector, like in the monitoring 
or in test equipment that are maintained at regular intervals. 
 
Electrical sensors 
Electrical sensors cover a large group of gas sensors that operate due to a surface interac-
tion with the target gas and measure the effect of the analyte on the electrical properties of 
another material. Usually, these sensors are the least expensive commercially available de-




decomposition. Important advantages are that the devices and supporting electronics are 
often simple in design, can be miniaturized, and resulting products can often be used in 
rough environments. Sensors in this class include polymer, metal, metal oxide, semiconduc-
tor conductometric sensors, capacitance sensors, work-function-type-, Schottky barrier-, 
MOS-, and FET-based sensors [45]. Due to the variety of different types, not all of them can 
be analyzed within this chapter. The most important electrical sensor types for this work are 
discussed in section 2.2 and 2.5. More detailed information about these sensors can be 
found in [45]. 
 
Mass-sensitive sensors 
Mass-sensitive gas sensors, such as microcantilever, quartz crystal microbalance (QCM), 
and surface acoustic wave (SAW) based sensors are sensitive to mass changes of the sur-
face during interaction with gases [46]. 
The cantilever based sensor technology is derived from the atomic force microscopy tech-
nique, which works by scanning a surface with very tiny tip controlled by a feedback loop, 
e.g. the force between tip and surface is kept constant by a feedback loop. For the applica-
tion in gas detection, neither a tip nor a feedback loop is necessary. A free-standing micro-
cantilever is coated by a sensing layer to achieve chemical functionality. When a specific 
mass of analyte is adsorbed, the mechanical response in either, the static mode (deflection) 
or the dynamic mode (shift of resonance frequency) is measured under exposure to a gas 
without resorting to a feedback loop [47], see Fig. 2.4a. 
The QCM technique is based on a quartz resonator, which itself is typically used as an oscil-
lator with its stable frequency and a mass change causes a shift in its resonance frequency. 
The amount of this frequency shift is proportional to the mass change and this correlation is 
known as mass loading effect [48]. The structure of a QCM based gas sensor is shown in 
Fig. 2.4b. The quartz resonator comprises a quartz plate and electrodes deposited on both 
sides. It can be operated as a gas sensor, when the electrodes are coated with a sensing 
layer. The resonator is connected to an oscillator circuit and a frequency counter measures 
the shift in oscillation frequency [49]. 
SAW based sensors enable to distinguish masses up to the femtogram range [50]. The 
working method is indicated in Fig. 2.4c. A pair of interdigitated electrodes is patterned on 
the piezoelectric substrate. By applying a high frequency (HF) signal between the transmitter 
and receiver electrodes, a seismic wave (Rayleigh wave) is formed on the circuit.  The inter-




cy changes that serve the quantification of the analyte concentration. The selectivity is de-
termined by the chemically sensitive layer. 
     
Fig. 2.4: Schematic diagrams of mass-sensitive gas sensors. (a) Microcantilever that bends owing to 
adsorption of target molecules and change of surface stress [47]. (b) Quartz crystal microbalance 
(QCM) device [49]. (c) Surface acoustic wave (SAW) gas sensor, adapted from [50]. 
 
Magnetic sensors 
The principle of magnetic sensors is based on the change of the magnetic properties of the 
analyte. Those sensors are represented by certain types of oxygen monitors [51]. It was 
found that oxygen is strongly susceptible to interaction with an external magnetic field, thus 
it has a high magnetic susceptibility compared to other gases [52]. Additionally, oxygen mol-
ecules have strong paramagnetic properties (positive value of the magnetic susceptibility), 
whereas almost all technically important gases (exception: nitrogen oxides) are diamagnetic. 
Therefore, a sensor principle for oxygen can be built with only minor cross sensitivities.  
In the following, the measuring principle of the acousto-magnetic spectroscopy is presented, 
which is, in addition to e.g. the Munday-cell, widely used in oxygen monitoring. The oxygen 
sensor consists of two major parts: an electromagnet and an air chamber as shown in Fig. 
2.5a. When a gas flows through a magnetic field, it absorbs energy resulting in the increase 
in volume of the gas. Thereby, in a pulsating magnetic field, periodic pressure changes arise, 
which can be detected as sound waves with a sensitive differential pressure transducer (mi-
crophone). The amplitude of the signal is directly proportional to the current O2 partial pres-
sure of the measured gas. To increase the measurement accuracy, the pressure change in 
the measured gas is compared to the pressure change in the oxygen-free reference gas (or 















In thermometric (calorimetric) sensors chemical reactions cause temperature changes, 
which are converted into electrical signals, such as the change of the resistance, current, 
and voltage. These sensors operate with a temperature probe that is coated with a chemical-
ly selective layer. The device detects a transfer of heat during the reaction between the gas 
and the coating upon exposure to the analyte [41]. This catalytic reaction takes place at the 
surface of the sensor and has the effect that heat is evolved. Inside the device the related 
temperature changes and is measured. A simplified drawing of such a sensor is shown in 
Fig. 2.5b. 
         
Fig. 2.5: Principles of gas sensing via magnetic and thermal detection mechanisms. (a) The basic 
measuring cell configuration of an acousto-magnetic oxygen gas sensor [52]. (b) Schematic represen-
tation of a thermal gas sensor. The thermal shield reduces the heat loss to the environment and the 
thermistor is coated by a catalytic layer [41]. 
 
Catalytic sensors, often referred to as pellistors, are a widely used type of such gas sensing 
devices and have been designed specifically to detect low concentrations of flammable gas-
es in air [53, 54]. In those sensors the thermistor includes a platinum coil, which is embed-
ded in a porous ceramic pellet covered with a catalytic metal like palladium or platinum. The 
coil operates as heater as well as the resistive temperature detector (RTD). Other kinds of 
heating elements and temperature sensors can also be used. When the target gas reacts at 
the catalytic surface, the heat liberated from the reaction increases the temperature of the 
pellet and coil, thus its resistance raises [41]. The senor can be operated in two possible 
modes. In the isothermal mode, the temperature is kept constant while an electronic circuit 
controls the current through the coil. The other mode is nonisothermal, where the sensor is 





2.2 Semiconductor Gas Sensor Technology 
A semiconductor gas sensor can be defined as a sensor into which a semiconductor material 
is incorporated and thus is based on a reaction between the semiconductor and the gases in 
the atmosphere, which leads to a change in semiconductor conductance [55]. This technol-
ogy includes numerous methods of varying structures, different materials, and various work-
ing principles. Methods based on different materials can be classified in metal oxide semi-
conductors, polymers, carbon nanotubes, and moisture absorbing material [56]. Silicon 
based gas sensors can also be classified in the semiconductor technology, but are discussed 
in detail in section 2.5. Here, the emphasis is on the general processes occurring on the 
gas/semiconducting interface. Particularly, the two most competing technologies, metal ox-
ide and carbon nanotubes (CNTs) based gas sensors, will be considered. This is essential in 
order to carry out a comparative evaluation of the silicon based technology. Furthermore, 
most of the surface processes described in this section are generally important on semicon-
ductor gas sensors. 
The adsorption of molecular species on the recognition element can take place either physi-
cal or chemical. Physisorption is a weak adsorption process that occurs due to the presence 
of the van der Waals forces of attraction having a low binding energy (∼ meV for small gas 
molecules and ∼ few eV for large gas molecules) [57]. The process is usually connected to a 
dipole-dipole interaction between the gas and the adsorbent [55], where the electronic and 
chemical structure of gas molecules and surface does not change. Further, low binding en-
ergies lead to a complete desorption of gas molecules, which enables a full and fast sensor 
recovery. However, as physisorption is not specific, it results in low sensitivity and selectivi-
ty of the sensors. Chemisorption comprises the formation of chemical bonds between the 
sensing element and the gas molecules. Normally, a gaseous molecule dissociates into at-
oms and this leads to high binding energies ∼ several eV [58]. This is favored for fabrication 
of gas sensors with a high selectivity, even though molecular desorption is quite low for 
chemisorbed molecules resulting in slow recovery [57]. Both adsorption types depend on 
the temperature and partial pressure of oxygen in the environment [59]. 
For a temperature range required for chemiresistive metal oxide gas sensor operation, oxy-
gen is ionosorbed on the metal oxide surface. In ionosorption, there is no local adsorbate to 
surface atom bonding, but oxygen acts as a surface state, capturing an electron or hole de-
pending on the semiconductor (n-type or p-type) [55]. Oxygen is attached to the surface by 
electrostatic attraction. In n-type semiconductors, ionosorbed oxygen atoms act as surface 




material. Oxygen can be ionosorbed onto the metal oxide surface in several forms in de-
pendence of the temperature. This means that at lower temperatures (150-200 °C), oxygen 
does not dissociate and adsorbs in a molecular form as either neutral O2 or charged O2
-, 
whereas at temperatures higher than 200 °C, oxygen dissociates and adsorbs as O- ions 
[59]. 
In metal oxide gas sensors, the change in the electrical conductivity of semiconducting met-
al oxides (such as SnO2, ZnO, TiO2, ZrO2, CeO2, WO3, Fe2O3, In2O3, and CuO) upon exposure 
to gases is used as sensor effect. Many different metal oxides have been investigated as 
sensing materials [60], however tin dioxide (SnO2) has remained the most commonly used 
gas sensing material [56] and is the best understood material in the basic studies of the gas 
sensing mechanism [61-63]. Therefore, in the following the mechanism of gas detection is 
discussed more in detail on the example of a SnO2 sensor. This type belongs to the n-type 
semiconductors, which have always a certain number of oxygen vacancies. Some of the 
metal atoms thus cannot replace its outer atoms with the O2 atoms. These outer electrons 
are available as free electrons in the conduction band of the semiconductor for the electrical 
conduction. In dependence of the O2 partial pressure at the metal oxide surface, the concen-
tration of the oxygen vacancies changes. At temperatures between 200-500 °C a stable O2 
vacancy concentration inside the metal oxide is formed as function of the O2 partial pres-
sure, so there is a direct dependence of the conduction electron concentration or the electri-
cal conductivity and the O2 partial pressure. In addition to pure oxygen also oxidizing gases 
(such as e.g. N2O) reduce the number of O2 vacancies, so that even in presence of such 
gases, the number of free electrons in the conduction band decreases and the specific re-
sistance increases according to the relationship empirically found [41]: 
   cARS ,            (2.1) 
where RS is the sensor electrical resistance, A is a constant specific for a given film compo-
sition, c is the gas concentration, and α is the characteristic slope of RS curve for that materi-
al and expected gas [10]. 
Reducing gases such as H2 or CO react in the presence of O2 to H2O and CO2. On the sur-
face of a metal oxide they react with the oxygen and thus increase the number of O2 vacan-
cies. This effect can be used at a constant O2 partial pressure for measuring the concentra-
tion of reducing gases [64]. The increase in the O2 vacancies increases the number of availa-




Fig. 2.6a shows a scanning electron microscope (SEM) picture of a SnO2 layer. Metal oxides 
are typically fabricated as thin layers (nm-µm range) on an interdigitated electrode structure. 
Sensitivity and selectivity can be increased by adding a catalyst, such as platinum (Pt). Due 
to the high specific resistance of the metal oxide, the metal contact layer is formed as a 
comb structure (interdigitated structure), so that a suitable total resistance signal for the pro-
cessing results. To achieve the required operating temperature a Pt heater is placed on the 
backside of the substrate. In Fig. 2.6b a schematics of an exemplary SnO2 based sensor is 
shown. 
  
Fig. 2.6: SnO2 based gas sensor. (a) SEM picture of the SnO2 sensing layer. (b) Layout of the planar 
alumina substrate with the SnO2 layer printed on top of the interdigitated Pt electrodes and the Pt 
heater. The heater on the back controls the operational temperature of the sensor. [65] 
 
The main disadvantage of gas sensors based on metal oxide semiconductors is the poor 
sensitivity at room temperature. However, carbon nanotubes have become a promising ma-
terial for high-sensitive gas sensors, because of their unique properties, like e.g. high me-
chanical and thermal stability, high surface-to-volume ratio, and semiconducting character. 
CNTs are seamless cylinders formed by rolling-up of a graphene stripe. CNT based gas sen-
sors show a high sensitivity towards various gases, such as ammonia (NH3) [66], carbon di-
oxide (CO2) [67], nitrogen oxide (NOx) [68, 69], ethylene [70], and organic vapors [71] at room 
temperature and thus cover a large scope of application. In general, CNTs can be categorized 
into single-walled carbon nanotubes (SWCNTs) and multiwall carbon nanotubes (MWCNTs). 
Both types are used for gas sensing [56]. Although, there are several different designs of 
CNT based gas sensors, like chemicapacitive [72] and field-effect transistor (FET) [73, 74], 
chemiresistive sensors based on a resistance change as output are the most commonly 
used architecture in the design of CNTs gas sensors, because they are easy to fabricate, 
have a simple structure, and a low power consumption [75]. The illustration in Fig. 2.7a 
shows an exemplary design of a CNT based chemiresistive gas sensor. When a particular 





occurs between the CNTs and gas molecules. Adsorption is a surface phenomenon, thus 
atoms from the outermost layer in CNTs are of main interest. In SWCNTs all the atoms act 
as surface atoms [76, 77], whereas for MWCNTs just the atoms located in the topmost layer 
are responsible for the sensing response [78]. Pristine CNTs exhibit p-type majority charge 
carriers, because of oxygen impurity [79]. Gas molecules adsorb on CNTs and can be either 
charge donors or acceptors to the nanotubes [80]. When the CNT surface is exposed to re-
ducing gases, the electrical resistance increases due to the recombination of free electrons 
transferred from the gas molecules to the CNT and holes existent in the CNTs. On the other 
hand, oxidizing gases withdraw electrons from CNTs when adsorbed on their surface. This 
generates more holes on the surface of p-type semiconductor CNTs and thus decreasing the 
resistance [81]. Fig. 2.7b demonstrates the electron transfer mechanism between CNTs and 
adsorbed oxidizing as well as reducing gases. 
 
Fig. 2.7: Schematic representations of CNT based gas detection. (a) Resistivity based SWCNTs gas 
sensor [82]. (b) Electron transfer into/out of pristine carbon nanotubes, (top) reducing gas molecules 
are adsorbed on CNT surface and transfer electrons to CNT through defects and oxygen atoms pre-
sent on surface due to chemical processes, (below) oxidizing gas molecules are adsorbed on CNT 
surface and withdraw electrons from CNT [57]. 
 
One possibility to enhance the sensitivity and selectivity of CNTs is chemical functionaliza-
tion of the nanotubes as functional groups present on the CNT surface make them well sol-
uble, which allows both a more extensive characterization and subsequent chemical reactivi-
ty. Hirsch summarized the surface activation routes for CNTs through different functionaliza-
tion approaches [83]. Usual groups used to functionalize CNTs are hydroxyl (–OH), carboxyl 
(–COOH), carbonyl (–C=O), and amino (–NH2) [84-87]. In terms of improving sensitivity, pure 
CNTs show no response to hydrogen due to the weak binding energy [88], but the decora-
tion of CNTs with Pt or Pd, which act as a catalyst for the adsorption of H2, CNTs become 





CNT solution [90]. However, functionalization results in the degradation of the electrical 
properties of CNTs, because it introduces defects and impurities in CNTs [57]. 
Another interesting development in sensing materials based on carbon is the use of gas 
sensors with graphene. Those showed good gas sensing characteristics, because their 
whole volume is exposed to the analyte and they have few crystal defects, which maximizes 
the signal-to-noise ratio to a level sufficient for detecting variations of gas concentrations at 
room temperature [91]. It can be expected that novel materials, such as CNTs and graphene, 
will achieve increasingly attention as gas sensing materials in the future. 
2.3 Gas Sensing Properties 
In order to be used in practice, gas sensors have to meet diverse requirements depending 
on the area of application. Several terms are used to describe those requirements, which is 
fundamental to determine the performance of a gas sensor. They include ways to clearly 
characterize response, response and recovery time, sensitivity, selectivity, long-term stabil-
ity, signal-to-noise ratio (SNR), and additional properties that are not considered further here. 
The explanations of selected parameters describing sensor characteristics are considered 
here for the sensor system as shown in Fig. 2.8. 
 
Fig. 2.8: Gas sensor block diagram (center), example of a possible sensor output (right) due to a step 
change in the concentration of an analyte (left). 
2.3.1 Response, Response Time, and Recovery Time 
The sensor output signal represents a reference or baseline value y0 under influence of the 
carrier gas with constant conditions, such as constant flow rate, humidity, and temperature, 
before exposure to the target gas (c = 0). When the sensor is exposed (at time tS) to an ana-
lyte concentration cA, the change of the sensor signal is related to the baseline and the rela-




The time between the beginning of the exposure and a response of a certain percentage of 
the final change in the sensor signal is defined as the response time, e.g. τ90 is defined as 
the time to reach 90 % of the final sensor signal [92]. If a device is sensitive to an analyte, a 
response is observed under exposure. After the end of exposure (at time tE), the sensor sig-
nal will return to its baseline value, if it is reversible. The time that the sensor output needs 
to go back to the baseline condition or to a certain percentage of it, is called recovery time. 
This typically depends on both, the analyte concentration within the carrier gas and the dura-
tion of the exposure. Small values of response and recovery time are indicative of a good 
sensor. 
2.3.2 Sensitivity and Limit of Detection 
The sensitivity S of a sensor describes the order of magnitude of the response to a particular 
analyte. Here semiconductor gas sensors are considered, which is why the sensor signal 
corresponds to the resistance behavior under gas exposure. The often used definitions are 
the following. Sensitivity represents the ratio of resistance in the carrier gas to that in the 
target gas [92], i.e. 
,             (2.2) 
where Rcarrier is the resistance value of the sensor in the carrier gas and Ranalyte the resistance 
when exposed to the analyte. 
The sensitivity as a percentage value is the ratio of the resistance change under gas expo-
sure to the resistance in the carrier gas and can be determined by the equation [34]: 
.                    (2.3) 
A positive value of S means that the resistance decreases on gas exposure and vice versa. 
For a sensor, which allows the detecting of low analyte concentrations, a high sensitivity is 
indispensable. 
The limit of detection (LOD) is a term used to describe the lowest analyte concentration that 
can be reliably measured and at which detection is feasible [93]. Each measurement method 
has limits in terms of the lowest quantity of a substance that can be determined. The fewer 
the substance that is detected, the lower the measured value is different from the value in 

















value fluctuate from case to case (i.e. have a distribution), the correct assignment of the 
measured value becomes more uncertain the more the true analytical value approaches the 
blank value. The limit of detection, expressed as the concentration, cA, is derived from the 
smallest measure, xL, that can be detected with reasonable certainty for a given analytical 
procedure. The value of xL is given by the equation [94]: 
bibiL skxx  ,                      (2.4) 
where  is the mean of the blank measures, sbi is the standard deviation of the blank 
measures, and k is a numerical factor chosen according to the confidence level desired. In 
practice, it is usually adequate to require in a first approximation that the useful signal has to 
exceed the mean value of the blank value by three times (k = 3) of the standard devia-
tion of the background signal sbi.  
To receive a sensor output signal that can reliably be distinguished from the signal that is 
obtained in the absence of analyte, a sufficient analyte concentration must be present. The 
assumption of the above described simple and quick method is that if analyte is present, it 
will produce a signal greater than the analytical noise in the absence of analyte. This ap-
proach has the weakness that no objective evidence exists to prove that a low concentration 
of analyte will indeed produce a signal distinguishable from a blank value [93]. 
2.3.3 Selectivity 
Selectivity is defined as the capability of a sensor to detect primarily one designated gas in 
the presence of other species [95]. Usually, it is desired that one sensor is sensitive to a 
particular gas, if possible, exclusively, even when interfering gases are present, which is 
expected in real conditions. An interfering gas is one, which causes a response of the sen-
sor similarly to the desired analyte being detected. Interference can also lead to an increased 
or decreased sensing response to the analyte, or it can poison the sensor, resulting in an 
inoperable device. To reduce or avoid the effect of interference an array of various gas sen-
sors with different sensitivities to gases as well as filters, which remove certain species of 
the sample before the exposure to the sensor, can be used. The selectivity of a sensor to-
wards an analyzing gas is obtained by comparing the concentration of the corresponding 
interfering gas that leads to the same sensor signal [34]: 









The equation shows that a high selectivity means that the sensitivity towards the target gas 
dominates compared to the sensitivity towards interfering gases. In this case the sensor 
may be regarded as specific. 
2.3.4 Long-term Stability 
Long-term stability is the ability of a sensor to maintain its properties when operated contin-
uously over a long period. This is an important requirement of sensors, because in some 
application areas it is necessary that sensors stably operate without showing drift for long 
durations in harsh environments. 
Up to now, no sensor technology has been reported that can satisfy all of the ideal charac-
teristics described above. However, many improvements have been achieved during the last 
years, like enabling a high sensitivity [96] and selectivity [97]. A large contribution to those 
advances was made possible by understanding of gas-sensor interaction and incorporating 
microelectronics and nanocomponents to sensor devices, as will be outlined in the following 
section. 
2.4 Nanoscale Gas Sensors 
The described sensor properties are mainly influenced by the material design used.  This 
includes the selection and processing of the sensing materials, which is of central im-
portance in research of gas sensors. In this context, nanomaterials received much attention 
in recent years as a way to achieve both ultra-sensitive sensing and small dimensions. Con-
ventionally, chemical sensing of unknown substances is conducted in an analytical laboratory 
with complex tabletop instruments including, for example, mass spectrometry, chromatog-
raphy, nuclear magnetic resonance, X-ray, and infrared technology [41]. On the one hand, 
these methods are very precise and allow identifying many species of unknown chemicals 
reliably. But on the other hand, the necessary equipment is often expensive and requires 
trained personnel. Therefore, considerable efforts have been made to accelerate the devel-
opment of miniaturized low-cost sensing systems to address specific markets.  
The systematic research of electronic devices based on nanostructures began with the dis-
covery of CNTs in 1991 [98]. The well-known element carbon showed in a tubular structure 
mechanical and electrical properties that differ from those of the known configuration [99-
101]. End of the nineties, the first electronic devices were demonstrated in the form of field-




owires as conductometric gas sensors was published in 2002 [60], since then much litera-
ture regarding this topic has been reported showing that impressive advances have been 
made. Many sensor systems are available at low cost, but these miniaturized devices mostly 
have difficulties with sensitivity, selectivity, baseline stability, and reproducibility. 
Quasi one-dimensional nanostructures, i.e. structures with two dimensions below ~ 100 nm, 
have different characteristics compared to their bulk counterpart, which influence the gas 
sensing properties of the devices. The main characteristics and advantages are presented 
below. 
a) A very large surface-to-volume ratio leads to dimensions comparable to the extension of 
surface charge region, which means that a large number of atoms act as surface atoms 
and thus participate in surface reactions [104]. For example, sensitivity values of an indi-
vidual In2O3 nanowire based sensor were reported, which are significantly higher than 
those for NO2 and NH3 sensing of comparable solid film devices [105]. 
b) The high level of crystallinity results in a superior stability, because instabilities due to 
percolation or hopping conduction are reduced [106]. 
c) In the literature relatively simple fabrication methods are reported [107, 108]. 
d) The functionalization of the surface with a target-specific receptor enhances the selec-
tivity of the device [109]. 
e) A fast modulation of the operation temperature is ensured to adjust required reactions 
between the target gas and semiconductor. 
f) Catalyst deposition on the surface is possible for promotion or inhibition of specific reac-
tions [110]. 
g) It is possible to establish FET configurations that allow on the one hand the integration 
to conventional devices and device fabrication methods and on the other hand the use 
of gate potential to customize sensitivity and selectivity [111].  
h) It is expected that progressively more significant quantum effects become relevant ow-
ing to the reduction of the materials dimensions and material properties are modulated 
either along its radial or axial direction [112]. 
i) The sensing response can be enhanced, when at least one of the structure dimensions 
is in the magnitude of the Debye length Ld, the characteristic length over which the 
electric potential of a local excess charge decreases to the 1/e -fold [110]. For most 
semiconducting oxide nanowires Ld is comparable to their diameter over a wide tem-
perature and doping range. Thus, the electronic properties are strongly influenced by 




conductive to highly conductive based on the chemistry occurring at its surface. This 
leads to a significantly improved sensing performance, such as sensitivity and selectivi-
ty. 
j) The recovery and response times of nanostructure based sensors, which are deter-
mined by the adsorption-desorption, are significantly better than for thin film based sem-
iconducting oxide sensors. The increased electron and hole diffusion rate to the surface 
of the nanostructures enables the analyte to be rapidly desorbed from the surface [105].  
In general, process steps for the fabrication of nanostructure based devices can be divided in 
two methods. On the one hand, the so-called top-down methods with which smaller figures 
can be created via e.g. lithographic techniques from larger models and structures that are 
used as masks for patterning [113]. On the other hand, bottom-up methods that use physi-
cal-chemical principles of the atomic self-assembly to form magnified structures from small-
er building blocks [114]. They are characterized by defined initial conditions, such as catalyst 
particles, and process conditions, such as gas, pressure and temperature, which are provid-
ed and through physical and chemical processes a structure assembly takes place. This ena-
bles a fabrication of nanostructures with less technological effort. A variety of morphologies 
can be fabricated by means of bottom-up techniques useful for sensing: microspheres, 
tubes, fibers, wires, rods, cables, ribbons, rings, sheets, diskettes, tetrapods, dendrites, 
walls, and so on [104, 115-121]. Beyond, it is possible to control the faceting, morphology, 
composition, doping level, stoichiometry, and crystallinity. 
Conductometric sensors can be designed using either multiple or single nanowire arrange-
ments. In the literature mostly the first configuration is reported owing to technological prob-
lems in electrically contact a single nanowire, although with latter devices a better under-
standing of the physical-chemical process governing its operation can be achieved. The ma-
jority of the publications mention the advantages in using single crystalline metal oxide nan-
owires as recognition element compared to their polycrystalline counterpart, but experi-
mental studies of the influence of morphology of these materials are still limited [122]. 
2.5 Silicon Nanowire Based Gas Sensors 
Among the different nanomaterials and morphologies, silicon nanowires (SiNWs) are very 
promising candidates for gas sensing applications due to several benefits they present. In 
2001, the group of Lieber first introduced the use of SiNWs as building blocks in semicon-
ductor nanodevices [123] and as sensors for biological and chemical species [124]. Since 




to their ability of sensitive, label-free, and real-time detection of chemical species coupled 
with their uniformity, reproducibility, as well as excellent scalability [125]. Another crucial 
advantage of silicon is the enormous development efforts that have been put into microelec-
tronics due to the growing importance. The thereby accumulated knowledge about silicon 
technology can for the most part be transferred to the gas sensor technology. SiNW based 
devices have a relatively large carrier mobility [126] and can be adjusted by controlling the 
doping level [127]. Compared to sensors fabricated from CNTs and organic materials like 
conductive polymeric nanowires [128], gas sensors based on SiNWs are more compatible 
for mass production owing to relatively simple preparation methods and mature fabrication 
technologies as well as complementary metal-oxide-semiconductor (CMOS) technologies 
[129, 130]. With regard to the fundamental sensor mechanism, devices made from SiNWs 
are better understood than metal oxide and polymer nanowires based devices [131]. The 
possibility of a chemical surface modification of SiNWs allows to chemical immobilize the 
selector material and influence the device performance [132, 133]. 
2.5.1 Fabrication Methods 
Two main nano-fabrication approaches, bottom-up and top-down, have been reported to 
fabricate SiNWs sensors. A brief overview of the different growth methods is given, even 
though the focus of this work is on chemical vapor deposition (CVD) of silicon nanowires. 
CVD is the most widely used method, where the silicon source is a volatile gaseous silicon 
precursor, such as silane, SiH4, or silicon tetrachloride, SiCl4. The precursor is transported to 
the deposition surface, where it reacts and is cracked into its components [134]. Using this 
approach, it could be demonstrated that a broad range of NWs with homogeneous composi-
tion and single-crystal structures can be prepared. The NW diameter is controlled by the size 
of the catalyst nanoparticle and diameters of 3 nm can be realized. Lieber`s group showed 
that the NW length is proportional to the growth time and specific dopants can be incorpo-
rated into NWs to control their electronic properties [135, 136]. 
Further SiNW growth techniques include annealing in reactive atmosphere [137], evapora-
tion of SiO [138], molecular beam epitaxy (MBE) [139], laser ablation [140], and solution-
based synthesis [141]. 
However, the technology has several shortcomings like it requires transfer and positioning of 
SiNWs, reliable contacts are hard to produce, significant device-to-device variation exists 
between NWs, and hybrid fabrication schemes are required to integrate NWs into electronic 




The mentioned drawbacks coupled to the availability of high-quality ultrathin silicon-on-
insulator (SOI) wafers [144], has pushed the research in the field of exclusively top-down 
processing based NW-like devices. Lithographic techniques, generally electron beam lithog-
raphy, allow to precisely controlling sensor dimensions. A disadvantage of this direct writing 
method is the serial way of operation, which leads to a low throughput and it requires ex-
pensive devices. The narrow silicon wire is defined by removing the remainder of the SOI 
layer using either a wet chemical [145] or a dry reactive ion etching (RIE) [142, 146] method. 
Fabrication methods can also be distinguished between plane orientated and vertical stand-
ing SiNWs, i.e. nanowires are oriented more or less perpendicular to the substrate. To get 
vertical SiNWs a variety of nanostructuring techniques can be used, such as RIE, electron-
beam lithography [147], nanosphere lithography [24], nanoimprint lithography [148], and 
block-copolymers [149]. In et al. fabricated vertically aligned, ordered arrays of SiNWs cov-
ered with a porous top electrode by means of polystyrene nanospheres in a two stage li-
thography process as shown in Fig. 2.9a [24]. SiNWs based resistors based on the growth of 
Au-catalyst vapor–liquid–solid (VLS) SiNWs by low pressure chemical vapor deposition 
(LPCVD) is reported by Demami et al. [150]. The first device fabrication step of the vertical 
SiNWs based resistors is the patterning of the interdigitated electrodes geometry on a SiO2 
covered substrate followed by the lift-off and a thin film Au local deposition process. The 
local growth of long SiNWs ensures contacts between SiNWs resulting in the formation of 
resistors (Fig. 2.9b). Sensors based on vertical aligned SiNWs can also be fabricated by a 
uniform layer of Au induced NWs using plasma-enhanced chemical vapor deposition 
(PECVD) grown onto a defined area, over and between pre-patterned interdigitated metal 
electrodes on top of oxidized silicon wafers [151]. 
   
Fig. 2.9: Vertical standing SiNWs. (a) Vertically aligned, hexagonally ordered arrays of SiNWs topped 
by a porous electrode fabricated by nanosphere lithography [152]. (b) SiNWs based resistor synthe-
sized following the VLS growth technique [150]. (c) SiNWs network detail with a SiNW chemiresistive 
sensor shown in the inset [151]. 
 




A major challenge in the technology of sensor systems is the contacting of the sensing ele-
ment. The metal-semiconductor contact employed in this work is discussed in detail in the 
following. 
2.5.2 Metal-Semiconductor Contact 
For understanding the processes of the sensors fabricated in this work, the metal-
semiconductor contact, Schottky contact, is described. This forms the basis of the function-
ality of the sensors due to the physical properties of the used materials. A Schottky barrier, 
named after Walter H. Schottky, is an energy barrier for charge carrier exchange formed at a 
metal-semiconductor junction [153]. The material specific energy level can be characterized 
in metals and semiconductors through the Fermi energy [153]. For metals, this results in the 
work function WA, which describes the work that needs to be applied to extract an electron 
from the metal: 
 me,FvacmeA EEqW   ,                    (2.6) 
where q describes the electrical charge, φme the potential difference between vacuum and 
Fermi potential, Evac the vacuum energy level, and EF,me the Fermi energy for the metal.  
For non-degenerated semiconductors, the Fermi level is located within the band gap EG. In 
the case of intrinsic semiconductors it is in the middle of the band gap at EF,sc,i = Ei = EG / 2. 
For n-type doping the Fermi energy is shifted towards the conduction band with the energy 
EC, and for p-type doping towards the valence band with the energy EV. The work that is re-
quired to extract an electron from the conduction band is described by the relation of the 
charge q and the electron affinity χ: 
 Cvac EEq  .                      (2.7) 
Fig. 2.10 shows these relations in the form of a simplified band diagram for the connection 
of a metal with an n-type doped semiconductor. After the connection of the materials an 
equilibrium state occurs through charge carrier motion in the direct contact area, whereby 
the Fermi energies align. Therefore, a band bending is formed, wherein the band is shifted 
towards lower electron energies En. The electron transport is determined by the potential 





.                      (2.8) 
In the case of p-type doped semiconductors, taking into account the band gap the Schottky 
barrier for holes φB,p results from equation (2.8): 





.                     (2.9) 
Due to the material specific values of φme, EG, EF, and EC, the values for φB,n and φB,p can be 
influenced by the choice of contact materials. 
  
Fig. 2.10: The Schottky contact. Band diagram of the Schottky contact before (a) and after (b) junction 
of metal and n-type doped semiconductor. 
 
Transport through a Schottky contact is assigned to different injection mechanisms depend-
ing on the energy location of the charge carrier. Thereby, they can go above the Schottky 
barrier, which is called thermionic emission, and they can go through the barrier, which is 
done by quantum mechanical tunneling and is referred to as charge carrier tunneling (see 
Fig. 2.11). Other possible mechanisms, such as trap assisted tunneling [153], are not dis-
cussed here. The total current density of the Schottky barrier JSB results from the sum of the 
thermionic current density JTh and the tunneling current density JT: 
.                    (2.10) 
In the following, the transport of the electrons is considered in the case of band bending in 
the direction of lower energy electrons in an n-type doped semiconductor. The possible 
transport paths under the influence of a positive voltage from semiconductor towards metal 
are shown in Fig. 2.11. Since these describe the charge transport across a phase boundary, 







thermionic activated charge carriers as thermionic injection and the quantum mechanical 
tunneling as tunnel injection. Injection applies to both directions, whereby it includes the 
transport from the metal to the semiconductor and from the semiconductor to the metal. 
  
Fig. 2.11: Charge carrier injection mechanisms for electrons at a Schottky barrier. Thermionic injection 
over the barrier (blue arrow) and tunnel injection of electrons for two possible tunnel paths through 
the barrier (dashed blue arrows). 
 
Thermionic emission can be described by the schematic conduction band diagrams such 
that at temperatures of T > 0 K charge carriers having an energy Ep,n > q φSB overcome the 
Schottky barrier. The number of charge carriers is determined by the temperature dependent 
Fermi distribution. The total current density of the thermionic emission of electrons results 
from the parts of the transport of thermally injected electrons in both directions [154]: 
.                   (2.11) 
Tunneling is referred to a quantum mechanical tunneling process, in which charge carriers 
pass through a potential barrier. In Fig. 2.11 this process is schematically indicated for elec-
trons by dashed arrows. The derivation will not be discussed in detail, but can be found in 
[155]. 
An empirical description of the total injection at the Schottky contact can be carried out by 

























,                   (2.12) 
where JS is the saturation current density, which can be extracted from the extrapolation of 
the saturation current of the characteristics of tunnel diodes and Schottky-barrier field-effect 
transistors (SBFETs) [153], V is the voltage, kB is the Boltzmann constant, T is the tempera-




ture, and η is the ideality factor, which results from the characteristic curve slope and is de-







  .                    (2.13) 
When a negligible tunneling takes place, the slope approaches to 1. For a dominant tunnel-
ing, for example by reducing the barrier width by high doping of the semiconductor, η and JS 
increase. 
A very vivid description is the method of the total injection of charge carriers through the 
effective barrier height φ
*
eff and the definition of a tunneling distance dT from J. Knoch [156]. 
Thereby, a simplification is made, in which the injection mechanism is limited to the sole 
injection by thermionic emission. The missing part of the tunneling current is described by a 
larger thermionic current due to a reduced barrier height φ
*
eff. The thermionic current over 
this reduced barrier is the sum of thermionic and tunneling currents through the Schottky 
barrier: 
     SBTSBTheffTh JJJ  * .                  (2.14) 
φ
*
eff depends on the geometry and material parameters of the device. If the barrier at a cer-
tain energy is narrower than the tunneling distance in the unstrained bulk silicon with 
dT,Si ≈ 3.6 nm, a tunneling probability of "1" is accepted, otherwise it is "0" [157]. 
2.5.3 Working Principle: Resistor versus Field Effect Transistor 
The method of electrical characterization determines the working principle of SiNW based 
sensors. On the one hand, when changes in the device resistance, i.e. current, are meas-
ured, then it is referred to as resistor based sensors. On the other hand, field effect transis-
tors (FETs) make use of an applied front-gate or back-gate electrode. It has to be considered 
that there is no relation between the fabrication method of the SiNWs (bottom-up or top-
down) and the type of working principle. Though, it is noticed that nowadays most NW 
based FETs are prepared by top-down techniques [125].  
In Fig. 2.12a a resistor based configuration is shown, where single SiNWs contact both elec-
trodes to enable current flow. The adsorption of analyte molecules onto the SiNW surface is 
the basic principle of the resistor. This alters the surface status and changes the sensor re-




trical resistance change. Resistors belong to the most common configurations of NW based 
gas sensors. 
The architecture of a typical top-down fabricated SiNWs based FET is depicted in Fig. 2.12b. 
In the case of FET sensors, the nanowire itself serves as conductive channel, connected by 
source and drain contacts, typically metallic or highly-doped semiconductor [124]. These el-
ements are patterned on top of an insulating oxide film, which is above of a conducting (e.g. 
p-type Si) gate electrode [104]. The number of charge carriers can be influenced via a back or 
front gate. A NW FET sensor has the highest percentage conductance response in the sub-
threshold regime  [159]. This can be reached by applying a back-gate potential (VBG), which 
brings the nanowire into the depletion mode. When chemical species attach to the NW sur-
face, the local electrical voltage experienced by the nanowire is influenced and changes the 
extent of depletion. If a fixed source-drain voltage (VDS) is applied, this leads to a variation of 
the number of majority charge carriers, which is detected as change in drain current (Id). A 
further possibility of registering the recognition event is by adapting the back-gate voltage 
ΔVBG in such a way that at fixed VDS, IDS is kept constant. Thereby, ΔVBG reflects the change in 
boundary potential at the interface of the nanowire and its environment [125].  
Devices based on SiNWs have high potential to increase sensitivity to the point of single-
molecule detection owing to the large surface-to-volume ratio of nanowires and the gate 
effect of the amplifier configuration [160]. 
 
Fig. 2.12: Schematic illustration of SiNW based sensor principles. (a) Resistor and (b) FET schematics 
demonstrate the differences in the electrical configuration with respect to the electrodes (E), source 
(S), and drain (D) [125]. 
2.5.4 Sensing Mechanism 
Here, the discussion will be limited to the sensing mechanism between SiNWs and NH3. 
The importance in sensing NH3 is pointed out in section 2.6. Fig. 2.13a illustrates a model of 
reaction of NH3 with p-type SiNWs. Li et al. proposes that two effects are important for the 





of NH3, it reacts with the hydroxyl groups (–OH) at the nanowire surface, which breaks the 
O-H bond to form the energetically preferred NH4
+ group. An unstable electron pair on the O 
atom is left and an O-O bond is formed after two adjacent O atoms with unstable electron 
pairs combine. Two additional electrons are then released into the nanowire as free elec-
trons (red dotted square). The adsorbed NH3 on the NW surface can also help the contribu-
tion of their lone pair electrons into NWs (blue dash dotted square) [162]. 
 
Fig. 2.13: P-type SiNW based sensing mechanism of NH3. (a) The proposed model of chemical reac-
tion of NH3 with SiNWs. (b) Band diagram of p-type SiNW at the interface [161]. 
 
The electron traps on the surface of p-doped nanowires are filled with the obtained elec-
trons, as minority carriers, from both processes mentioned above. This reduces the deple-
tion of the p-type nanowire surface, because the obtained electrons partly replace the elec-
tron filling from the inside of nanowire. Thus, the thickness of the positive charged layer is 
thinner and the resistance increases. Band bending is reduced, because electrons are do-
nated from the NH3 rather than from the Si surface (Fig. 2.13b). These observations are sup-
ported by electrical measurements of n-type SiNWs, where the resistance of the NWs de-
creases in the presence of NH3, which is the opposite response compared to p-type NWs 
[162]. 
2.6 Ammonia and its Sensing Applications 
Ammonia is a naturally occurring gas that is present in the atmosphere, but above a certain 
concentration it is hazardous. Fig. 2.14 illustrates the global distributions of atmospheric NH3 
concentrations according to the model of Dentener and Crutzen [163]. It can be seen that 
substantial spatial variability in gaseous NH3 concentrations exists. This section focusses on 
the properties of ammonia with respect to the influence on health and possible detection 







Fig. 2.14: Global (1° x 1°) estimates of atmospheric ammonia concentrations (µg m-3 NH3) [164]. 
2.6.1  Chemical and Toxicological Properties 
Ammonia (NH3) is one of the most abundant toxic chemicals [165]. It is a stable colorless gas 
at room temperature, lighter than air, highly soluble in water (forming ammonium hydroxide 
(NH4OH)), and a strong alkaline with high corrosive properties. At high concentrations the 
unique penetrating odor of NH3 usually provides a simple detection. The odor threshold lies 
around 5 ppm (parts per million), which is low enough to allow warning of its presence, but 
NH3 causes olfactory fatigue or adaptation, making its presence difficult to notice at longer 
exposure. Thus, the odor threshold may increase up to 53 ppm [166]. The American Confer-
ence of Governmental Industrial Hygienists allowed an 8 h exposure limit of 25 ppm and a 
short-term exposure limit (15 min) of 35 ppm for NH3 in the workplace [167]. Even at those 
mentioned low concentrations, NH3 is irritating to the respiratory tract, skin and eyes [168]. 
Higher concentrations can lead to an immediate and severe irritation to the upper respiratory 
system and even to lung disorders, such as pulmonary edema. Extremely high concentra-
tions in the range of 5000 to 10,000 ppm are suggested lethal within 5–10 min [169]. The 






Table 2.1: Summary of potential occurring effects in dependence of the NH3 concentration [169, 170]. 
Dose (ppm) Signs and symptoms 
50 Irritation to eyes, nose and throat (2 h exposure) 
100 Rapid eye and respiratory tract irritation 
250 Tolerable by most persons (30–60 min exposure) 
700 Immediately irritating to eyes and throat 
>1500 Pulmonary edema, coughing, laryngospasm 
2500–4500 Fatal (30 min) 
5000–10,000 Rapidly fatal due to airway obstruction 
2.6.2 Application Areas of Ammonia Sensors 
Ammonia can be detected in many ways. Depending on the application, NH3 concentrations 
down to parts per billion (ppb) and with different required response times have to be meas-
ured. In the following, four major areas of interest for determining NH3 levels are introduced, 
namely environmental, automotive, chemical industry, and medical diagnostics, and the rele-
vant concentrations are given. 
 
Environmental gas analysis 
Ammonia concentrations in ambient air can go down to the sub-ppb range above the 
oceans. As an example, the average atmospheric NH3 level in the Netherlands is about 
1.9 ppb [169]. For detecting such concentrations, sensors with a detection limit of 1 ppb or 
lower are necessary. Near intensive agricultural areas, NH3 concentrations can increase sig-
nificantly, up to more than 10 ppm [171]. This is caused by the addition of large quantities of 
ammonium to cultivate farmland in the form of fertilizer. Another source is NH3 emission 
resulting from ammonification, a series of metabolic activities that decompose organic nitro-
gen like manure from agriculture performed by bacteria and fungi [172]. The necessary con-
centration range and time resolution of the analysis equipment depends on the specific ap-
plication, but it does not require extremely fast detectors. Shorter response times in the or-
der of a minute are preferred in stables to control venting systems. 
 
Automotive industry 
Exhaust gasses are responsible for the major part of gaseous pollution in urban sites. In or-
der to meet future emission standards, the automotive industry is interested in monitoring 




exhaust gas [174]. Thus, an NH3 sensor is required to optimize the injected amount of urea 
and to ensure that no NH3 emissions appear [173]. Another reason for the usefulness of de-
tectors for atmospheric pollution like NH3 is air quality control in the passenger cabin [175]. 
For such an application the detection limit should be around 50 ppm. Additionally, the sensor 
has to respond very fast in the order of seconds, so that the air inlet valve can be closed and 
prevent harmful gas from entering the car. A further application for NH3 sensors in the au-
tomotive industry is NOx reduction in diesel engines. Modern diesel engines operate at high 
air-to-fuel ratios that give oxygen excess in the exhaust gas and thus makes it difficult to 
reduce the NOx (NO + NO2) formed during the combustion [176]. NH3 can act as a reducing 
agent for NOx and lowers NOx formation significantly. The use of NH3 to reduce NOx is 
known as ammonia selective catalytic reduction (NH3 SCR) and belongs to the most promis-
ing methods for meeting the future legislation demands concerning NOx emissions from 
diesel vehicles [177]. For this method, it is important that the injection of NH3 is precisely 
controlled by measuring the excess NH3 concentration in the exhaust system. Sensors 
should allow measuring very low NH3 concentrations within a few seconds. Currently used 
sensors have detection limits in the range of a few ppm [176] as well as a response time of 
around 1 min. Devices should be capable to withstand elevated temperatures, because 
measurements are carry out in exhaust pipes. 
 
Chemical industry 
A widely used method for chemically producing NH3 is the so-called Haber-Bosch process, 
where NH3 is synthesized from nitrogen and hydrogen at an elevated temperature of about 
500 °C and a pressure of about 300 kPa using a porous metal catalyst [169]. NH3 was firstly 
needed as a cheap supply of nitrogen for the production of nitric acid, a key component of 
explosives. Nowadays, a large part of artificial NH3 is employed for fertilizers used in the ag-
ricultural sector, which contain ammonium salts, and chemical production. A further substan-
tial part is used for refrigeration systems. These industrial sectors utilize almost pure NH3 
with the result that leakage can lead to life-threatening situations for the involved people. An 
alarm system for high NH3 concentrations requires very fast response times, whereas con-
centrations less than the long-term maximum allowed workspace NH3 level do not require 
fast detectors. A response time in the order of minutes is adequate. 
 
Medical applications 
Human breath normally contains NH3 at very low concentrations of 100-2000 ppb as part of a 




[178]. Nevertheless, exhaled air has been analyzed extensively using gas chromatography 
and mass spectroscopy for the presence of a variety of molecules [179]. Several gases, 
among others NH3, have been linked to certain diseases. Therefore, the medical community 
is considerably interested in detectors for measuring NH3 in exhaled air for the diagnosis of 
specific diseases [180]. Examples for such diseases are a disturbed urea balance, e.g. due to 
kidney disorder [17], and ulcers caused by Helicobacter pylori bacterial stomach infection 
[18]. Appropriate measuring devices should enable measuring down to 50 ppb NH3 in breath, 
including CO2 concentrations up to 3 % [180]. Additional requirements for measuring in ex-
haled air are a reasonable response time of not more than a few minutes as well as the abil-
ity to carry out measurements with only small volumes of target gas. 
2.6.3 Ammonia Sensing Principles 
In literature, many principles for measuring ammonia are demonstrated. The requirements of 
sensors for the different applications differ strongly. Another sensing device is used in the 
exhaust pipe of automobiles than for detecting ultra-low concentrations of ambient NH3 for 
environmental monitoring. Widely used types in commercial NH3 detectors are described in 
the following based on the basics that have been discussed in section 2.1.2. This includes 
metal oxide based sensing devices, catalytic NH3 sensors, conducting polymer detectors, 
optical gas analyzers, and indirect gas sensing systems using non-selective detectors. A 
comprehensive overview over the state of the art in SiNW based NH3 sensing is given in 
section 1.2.  
Metal oxide based gas sensors are the most common used NH3 sensors, mostly SnO2 sen-
sors. A variety of research activities have been done on these sensors, because they are 
rugged and inexpensive. Their functionality has been explained by many models [181]. By 
now, it is well established that they operate on the principle of conductance change due to 
chemisorption of gas molecules to the sensing layer [169]. The major drawback of these 
sensors is that they are not selective to one particular analyte. Diverse approaches were 
employed to develop selective devices, such as principle component analysis [182], artificial 
nose [183], conductance scanning at a periodically varied temperature [184], and metals or 
additives [185]. Lowest detectable concentrations are normally in the order from 0.5 to 1000 
ppm [186]. Those sensors are commercial available and are used in the detection of com-
bustion gasses [187] and leakage alarm systems, for example for NH3 leakage detection in 




Catalytic NH3 sensors consist of catalytic metals, which are reactive to NH3. A change of the 
NH3 level alters the charge carrier concentration in the catalytic metal, which can be detect-
ed by a field effect device, like a capacitor or a transistor [188]. Parameters like the catalytic 
metal, the morphology of the metal layer and the operating temperature can influence the 
selectivity and a detection limit of 1 ppm was achieved with this sensor type [169]. The cata-
lytic sensor approach can combined with a solid-state ion conducting material to form a gas-
fuelled battery referred to as chemical cells. Such a cell for NH3 is demonstrated in literature 
based on an anion-exchange membrane with a Cu electrode and an Ag/AgCl counter elec-
trode [189]. 
Conducting polymer based gas sensing devices make use of polymers, like polypyrrole [190] 
and polyaniline [191]. Polypyrrole irreversibly reacts with NH3 resulting in a reduction of the 
polymer film and an increase in mass in the polymer film, which causes a conductivity 
change or change in frequency of a resonator [190, 192]. Response times of about 4 min 
have been shown [193]. The major disadvantage of this sensor type, despite proposed re-
generation mechanisms, is the irreversible reaction, which leads to a decreasing sensitivity 
over time under NH3 exposure [194]. Polyaniline is more stable and the conduction change is 
caused by the deprotonation through NH3 [195]. The detection limit of conducting polymer 
based sensors is about 1 ppm [195]. Alarm systems are commercially available with these 
sensors. 
Optical gas analyzers can be classified into two main principles for the detection of NH3 dis-
cussed in literature. The spectrophotometric approach is based on a change in color when 
NH3 reacts with a reagent, whereas the second method applies optical absorption detection. 
Spectrophotometry is more used for dissolved NH3, why it is not further described here. 
Optical adsorption spectroscopy is mostly used in sensitive and selective instruments for 
ambient NH3. Mount et al. reported a system that has a detection limit of a few ppb in an 
integration time of 1 s using a laser and a spectrograph [196]. Those analyzers are commer-
cial available, but are expensive. Furthermore, despite they are very sensitive and selective 
to NH3, there are drawbacks for sensor systems measuring in small volumes. Firstly, the 
required equipment is very expensive. The attempt to overcome this by inexpensive diode-
lasers led to reduced sensitivity [197]. Secondly, the gas volume between the light source 
and the detector determines the sensitivity limit requiring a large setup for an accurate 
measuring. Thus, miniaturization results in a decreased sensitivity, which makes this princi-
ple less suitable for miniaturized NH3 sensors like necessary for breath analyzers. 
Finally, so-called indirect gas analyzers using a nonspecific detection principle can be applied 




selection mechanism that enables only the analyte to influence the medium surrounding the 
detector, such as gas permeable membranes [198]. These systems also comprise gas sam-
plers, like denuders or diffusion scrubbers to sample NH3 into a sample liquid [198]. Advan-
tageous is the pre-concentrator effect by sampling a large volume of the analyte gas into a 
much smaller volume of liquid, where ammonium ions are formed [199]. Several ways to 
selectively measure NH3 concentrations in the low ppm range have been reported [200]. 
2.7 Summary 
In the present chapter, necessary basics for understanding this work were discussed and 
the following conclusions can be drawn. There is a broad variety of different sensor types, 
each having special capabilities for selected areas of application. Gas sensors have to meet 
diverse requirements in order to be used in practice. In comparison with bulk gas sensors, 
devices made of nanomaterials have many improved properties, which suggests that na-
noscale devices have the potential to revolutionize many aspects of sensing in various fields 
of application. Silicon nanowire based sensors attracted much attention in recent years, and 
are recognized to be a promising instrument for fast und sensitive gas detection due to their 
unique characteristics. It was shown that the existing demands of the described application 
areas could not be fulfilled with the currently available sensor concepts. Consequently, there 
is a need that should be met by future developments. 
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3 Copper Nanowire Synthesis 
In this chapter, the growth of high aspect ratio copper nanowires via directed electrochemi-
cal nanowire assembly (DENA) is presented. After the required materials and the setup for 
the synthesis are described, the influence of the metal salt solution concentration as well as 
the amplitude and frequency of the applied alternating voltage on the nanowire morphology 
is discussed. The impact of the process parameters on the nanowire growth is discussed on 
the basis of the Butler–Volmer equation. Finally, some guidelines for the formation of copper 
nanowires based on experimental and theoretical considerations are summarized. 
3.1 Directed Electrochemical Nanowire Assembly 
Metal oxide based gas sensors are one of the most investigated groups of gas sensing de-
vices due to the low cost and flexibility associated to their fabrication, simple use, as well as 
a broad variety of detectable gases and possible application fields [201]. The benefits of 
nanowire based sensors were demonstrated in paragraph 2.4. In the following, a method for 
preparing metal oxide nanowires as potential sensing elements is described. Copper was 
chosen as material, because it meets both requirements. On the one hand, copper oxide can 
be used as gas recognition element [202]. On the other hand, nanowires can be fabricated 
via DENA [203], which is a promising approach for the synthesis of nanowires with high as-
pect ratios as discussed in detail later. 
Common methods for the fabrication of copper NWs include template-based techniques 
normally with polycarbonate membranes [204, 205] or alumina templates [206-209]. Wang et 
al. reported the synthesis of copper nanotubes by metal organic chemical vapor deposition 
(MOCVD) with silicon oxide nanowire templates [210]. A dense mat of entangled wires was 
fabricated with this method. Further approaches for the preparation of copper NWs com-
prise hydrothermal reduction [211, 212], vacuum vapor deposition [213], chemical vapor 
deposition [214], and electrodeposition [215]. These bottom-up methods have the drawback 
of the positioning and contacting of the NWs after their growth. Therefore, top-down ap-
proaches were developed to fabricate copper NWs, such as the damascene technology 
[216] and e-beam lithography [217]. However, those techniques usually involve multiple pro-
cessing steps, which makes them complex and relatively expensive.  
The use of NWs as recognition element in gas sensors requires the fabrication of thin and 
contacted wires. A capable method for this purpose is the synthesis of metal nanowires by 
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DENA [218]. This method has several advantages. It allows the fast growth of thin copper 
NWs with a high surface-to-volume ratio. Consequently, NWs are already in contact with the 
electrodes and no further processing is required. For this one-step procedure, an alternating 
voltage is applied across two electrodes in a metal salt solution. This induces the nucleation 
and growth of nanowires from one electrode to the other through the deposition of metal 
atoms at the growing nanowire tip. To the author`s knowledge, detailed analyzes of DENA 
have been given for Pd from palladium acetate solution [219], and Pt from H2PtCl6 or K2PtCl4 
[220]. Furthermore, DENA of Au from HAuCl4, In from In(CH3COO)3, Ni from NiSO4, Co from 
Co(CH3COO)2, Pb from Pb(CH3COO)2, and Ag from AgNO3 was reported in reference [221]. It 
is surprising that copper NW growth by DENA has not been reported yet in the literature. 
In this work, the impact of the most important process parameters on the resulting NW 
morphology and in particular on the NW diameter is investigated experimentally and dis-
cussed theoretically based on the Butler-Volmer equation. Theoretical considerations were 
supportive in understanding the processes occurring during nanowire growth and allowed 
establishing guidelines for achieving thin copper nanowires by the DENA synthesis method. 
The following three parameters were determined to be crucial: solution concentration of the 
metal salt as well as the amplitude and frequency of the applied alternating voltage. The so 
developed preparation route enabled to grow thin wires, which are well suited for gas sens-
ing applications after their oxidation to get a semiconducting oxide. A resistive gas sensor 
configuration based on copper oxide nanowires is illustrated schematically in Fig. 3.1a.  
   
Fig. 3.1: Schematic representation of a sensor layout and copper nanowire synthesis. (a) Scheme of a 
resistive gas sensor based on copper nanowires grown via DENA. (b) Experimental setup for copper 
nanowire growth from aqueous solution (not drawn to scale) between gold microelectrodes at a spe-
cific frequency f of the applied AC peak-to-peak voltage Vpp. 
3.2 Growth Process and Tip-Probe Station 
The experimental setup for the nanowire growth is depicted in Fig. 3.1b. Silicon wafers cut 
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the growth process. These substrates had a low degree of surface contaminations and thus 
are suitable to achieve full control over the nanowire growth morphology. It was crucial that 
the substrates were insulating, otherwise the leakage current through the substrate 
would be too high for electrochemical wire assembly to work [222]. The electrode struc-
ture was fabricated by laser lithography (wavelength 405 nm, DWL66fs, Heidelberg Instru-
ments). For that a positive photoresist (AR-P 5350, Allresist) was spin-coated on the sub-
strate with 6500 rpm for 40 s, followed by subsequent heating on a hotplate at 105 °C for 4 
min. After the exposure, the structures were developed for 60 s in diluted developer (1 part 
developer, 2 parts water). In a subsequent deposition step, a 3 nm chromium layer (for im-
proved gold adhesion) was thermally evaporated on the developed pattern, followed by 
20 nm gold deposition. The lift-off was done in 1-Methyl-2-pyrrolidinone (NMP 99.5 %, Sig-
ma Aldrich) at 55 °C for 30 min. Usually an electrode distance of 10 µm was prepared, un-
less larger spacings of 40 µm were used. 
A drop of 2.0 µl solution composed of aqueous copper(II)-nitrate (Cu(NO3)2, Sigma Aldrich) 
with concentrations of 0.05, 0.1, 0.5, 1.0, and 2.0 mM were put between two needles onto 
the electrode structure. The electrodes were contacted via the needles with a tip‐probing 
station (Karl Suss). The tip-probing station comprised a microscope, a chuck with vacuum 
connection, and two needle holders at micropositioners (Karl Suss Microtec), see Fig. 3.2. 
Before the growth experiments were conducted, needles, chuck, and tweezers were rinsed 
with isopropanol to ensure a contaminant-free environment. Nanowire growth was initiated 
on the substrate between the electrodes through applying an alternating current (AC) volt-
age. A function generator (Tektronix AFG320) enabled to provide a rectangular voltage signal 
in the frequency range from 50 kHz to 750 kHz, monitored by an oscilloscope (Tektronix 
TDS3014), with one electrode grounded. Due to the use of highly diluted solutions, the re-
sistance of the solution was far higher than the input impedance of the oscilloscope (1 MΩ). 
This means that in good approximation the full output voltage of the function generator was 
applied to the solution during nanowire growth [223]. 
The morphology of the grown copper NWs was observed by SEM (Philips XL 30 ESEM-
FEG). With the obtained top view images, the width of the NWs was measured. In the fol-
lowing, we refer to the width as nanowire diameter. Elemental analysis was also carried out 
with the Philips XL 30 ESEM-FEG system using energy dispersive X-ray spectrometry (EDX). 
The electrical properties of the copper NWs were characterized by a dual channel instrument 
(Keithley 2602 System SourceMeter). 




Fig. 3.2: Setup of copper nanowire growth experiments, which comprises the tip-probe station and 
electrical measuring equipment. 
3.3 Theory 
Copper NW assembly occurs due to the dissolution of copper(II)-nitrate to copper ions, 
which are reduced at the electrode surface 
   sCu2eaqCu2   .                     (3.1) 
When the electrode is negatively charged during the negative half-cycle of the AC voltage, 
electrons are transferred. Reaction (3.1) is characterized by a standard electrode potential 
E°eq. of +0.34 V [224]. The concentration dependence of the equilibrium potential Eeq. can be 









,                     (3.2) 
which is about +0.21 V for the lowest considered cupric ion concentration of 0.05 mM (ap-
proximating the activity by the concentration, T – temperature, z – ion charge number, F – 
Faraday constant, R – universal gas constant, a+ – activity of the cation, and a- – activity of 
the anion). Due to the applied AC voltage, also dissolution of copper can happen at suffi-
ciently high positive electrode potential and thus need to be considered. But on average, 
deposition predominates.  






Lock-in amplifier Micropositioner 
Microscope 
3 Copper Nanowire Synthesis 
47 
 
  2He2aqH 
 .                      (3.3) 
At the anode, the following oxidation reactions happen 
    e4aqH4OOH 22 ,                    (3.4) 
      e3aqAusAu 3 .                     (3.5) 
The standard electrode potentials for reactions (3.4) and (3.5) are +1.23 V and +1.5 V, re-
spectively [224].  
Wires start to grow after the formation of first copper precipitates, where copper is now the 
electrode material. In the following it is assumed, that the electron transfer at the electrode 
interface limits the reaction. The quantitative charge transfer at the electrode surfaces for 
the deposition reaction (3.1) is commonly described by the Butler–Volmer equation [225] 
































,                 (3.6) 
redox cckFj 00  ,                      (3.7) 
where j is the charge current density across the electrode-electrolyte interface, j0 the ex-
change current density, and E the electrode potential. αa and αc are the anodic and cathodic 
transfer coefficients, k0 is the reaction rate constant, and cox and cred are the concentrations 
of oxidant and reductive. The occurring material parameters, in particular k0 and Eeq., are dif-
ferent for each of the partial reactions (3.1 and 3.3–3.5). Negative values of the current        
( j < 0 ) correspond to copper deposition. According to equation (3.6), the copper deposition 
rate strongly increases with increasing negative over-potential E – Eeq.. The equilibrium po-
tential Eeq. increases with the cupric ion concentration (cf. equation (3.2)), which facilitates 
copper deposition. 
3.4 Nanowire Growth with DENA 
This section deals with the experimental study on the growth of high aspect ratio copper 
nanowires with diameters of about 100 nm and a length of up to several micrometers. In the 
experiments, the concentration c of copper ions in solution as well as the peak-to-peak volt-
age Vpp and frequency f of the applied AC voltage were varied in order to elucidate their ef-
fect on the formation of copper nanowires. For these investigations a fixed electrode gap 
3 Copper Nanowire Synthesis 
48 
 
size of 10 µm was found out to be appropriate, because nanowire growth was observed for 
a high frequency range. When the NWs bridged the distance between the electrodes, the 
current suddenly increases. This was detected through the oscilloscope and the voltage was 
turned off. Occasionally, the high current caused wire disruption due to melting or elec-
tromigration [226]. Solutions to avoid this, are reported in the literature, like automatically 
switching off when the current exceeds a certain threshold or by using a resistor connected 
in series with the electrodes to limit the current flowing through completed nanowires [227, 
228]. If no bridging was observed within 3 min, the voltage was also turned off. 
This was an experimental manuscript on a new kind of nanowire, because to the author´s 
knowledge, this was the first report of copper nanowires synthesis by DENA. Therefore, it 
was proved that the structures are really made of copper by carrying out elemental analysis 
using energy dispersive X-ray spectrometry (EDX, Philips XL 30 ESEMFEG). Fig. 3.3a shows 
a SEM image of a grown wire at a cupric ion concentration of 1.0 mM, a voltage amplitude 
Vpp = 20 V and a frequency f = 750 kHz bridging an electrode distance of 40 µm. The average 
diameter of the wire was measured from SEM images and is around 600 nm. In the inset of 
Fig. 3.3a, the backscatter electron image of the morphology and surface composition of the 
surface including the electrode and wire is presented. EDX spectra of the different areas 
(electrode, wire, and substrate) are illustrated in Fig. 3.3b–d, respectively. The low peak of 
Au in the EDX spectrum in Fig. 3.3b identified in region (b) indicates small amounts of gold 
deposited as 20 nm electrode layer. Peaks of copper (Fig. 3.3c) were observed in the area of 
(c) and can be attributed to the grown wire. This reveals that the wire is made of copper. A 
sharp peak of Si and a low peak of O were found in all EDX spectra (Fig. 3.3b–d) and this is 
due to the Si/SiO2 substrate. 




Fig. 3.3: EDX analysis of a grown nanowire. (a) SEM image of a synthesized nanowire with a Cu(NO3)2 
concentration of 1.0 mM, a voltage amplitude Vpp = 20 V and a frequency f = 750 kHz bridging an 
electrode distance of 40 µm with a backscattered electron image of SEM in the inset and (b-d) corre-
sponding EDX spectrum of the respective position. Scale bars 5 µm. The areas indicated in blue in the 
inset of (a) correspond to the respective elemental analyses of (b-d). Si and O were detected at all 
three positions, which were expected since the growth was carried out on a silicon wafer with a 400 
nm oxide layer substrate. The Au peak in (e) was attributed to the 20 nm thick gold layer of the elec-
trode. The Cu peaks in (f) were due to the grown wire from aqueous copper(II)-nitrate solution reveal-
ing that the wire is made of copper. 
 
In the following, the influence of (i) salt concentration, (ii) amplitude, and (iii) frequency of the 
applied voltage on the nanowire morphology is discussed. 
3.4.1 Effect of Salt Concentration 
To investigate the influence of the Cu(NO3)2 concentration on the nanowire morphology, 
different cupric ion concentrations from 0.05 to 2.0 mM with a fixed voltage amplitude Vpp = 
16 V and frequency f = 250 kHz were used. The SEM images are summarized in Fig. 3.4. As 
can be seen in Fig. 3.4a, concentrations below 0.1 mM did not result in nanowire growth. At 
a concentration of 0.1 mM, thin and highly branched nanowires grew with an average diam-
eter of 65 nm (Fig. 3.4b). Further increase of the concentration led to the growth of thicker 
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nanowires as observed in Fig. 3.4d and e. At those high concentrations of 1.0 and 2.0 mM, 
the wires are considerably less branched compared to wires grown at 0.5 mM or less. For 
2.0 mM the average diameter was 550 nm. The observed transition phenotypes from den-
dritic to more ordered patterns of wire morphology correlate well with previous reports in 
the literature of Sawada et al. studying the electro-deposition of Zn [229]. 
 
Fig. 3.4: SEM images of copper nanowires grown at concentrations of 0.05 (a), 0.1 (b), 0.5 (c), 1.0 (d), 
and 2.0 mM (e). Parameters: Vpp = 16 V, f = 250 kHz. With higher concentrations the wires become 
thicker and less branched. Scale bars 5 µm. 
3.4.2 Effect of voltage amplitude 
Copper NWs were synthesized by applying peak-to-peak voltages of 6, 8, 10, and 20 V at a 
frequency of 250 kHz and a constant concentration of 1 mM (see Fig. 3.5). No bridging of 
the gap between the electrodes occurred at the lowest applied voltage of 6 V within an ob-
servation time of 3 min. The application of a higher voltage of 8 V led to the formation of a 
highly branched NW, which contacted both electrodes. Further increase of the voltage up to 
10 and 20 V induced the growth of less branched wires. At the highest tested voltage of 20 
V, short nanowires arising at the electrode sides were also observed. The bridging nanowire 
in Fig. 3.5d has a diameter of approximately 450 nm. Whereas, the shown wires grown at 
lower voltages (Fig. 3.5a–c) are significantly thinner with diameters of about 120 nm. It is 
worth noting that the gold electrodes considerably dissolved at the tips during wire growth 
at 20 V.  
   
Fig. 3.5: SEM images of copper nanowires grown at peak-to-peak voltages Vpp of 6 (a), 8 (b), 10 (c), 
and 20 V (d), a concentration of 1 mM, and a frequency of 250 kHz. Scale bars 5 µm. At a voltage of 6 
V, the wire growth velocity is obviously too slow to connect the electrodes within 3 min observation 
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3.4.3 Effect of Frequency 
Fig. 3.6 shows SEM images of copper NWs grown at different frequencies from 50 to 750 
kHz of the applied AC voltage of 8 V or 10 V and a concentration of 1 mM. A voltage of 10 V 
for a frequency of 750 kHz had to be applied, because no wire growth occurred at this fre-
quency and a voltage of 8 V within an observation time of 3 min. Therefore, the voltage was 
increased to 10 V for this frequency.  Fig. 3.6a–f demonstrates the trend that the NW diame-
ters decrease with increasing frequency. The corresponding mean values and standard devi-
ations of the wire diameters for each frequency are presented in Fig. 3.6g. Each data point 
represents an average of 15 measurements on the respective SEM images. In the frequency 
range from 50 to 750 kHz, the mean diameters decrease from 310 to 110 nm. This trend is 
in accordance to previous reports on DENA of indium and gold wires [221] as well as plati-
num nanowires [230]. 
    
Fig. 3.6: SEM images of copper nanowires grown at frequencies of 50 (a), 150 (b), 250 (c), 
400 (d), 500 (e), and 750 kHz (f). Parameters: c = 1 mM and Vpp = 8 V (a–e), Vpp = 10 V (f). Scale bars 5 
µm. The diameter of the wires decreases with increasing frequency. (g) Wire diameter as a function 
of the frequency of the alternating voltage. The dashed line serves as a guide to the eye. 
3.4.4 Electrical Properties 
The I – V measurement of a single nanowire with a diameter of approximately 500 nm 
shows a linear increase (Fig. 3.7), indicating an ohmic behavior at room temperature. The 
average resistance of this intact wire was measured as 110 Ω. This results in a wire conduc-
tivity of 5 x 106 S m-1, assuming a cylindrical wire shape with a length of 40 µm and an aver-
age diameter of 300 nm. The value is approximately one order of magnitude lower than the 
conductivity of bulk copper of 5.96 x 107 S m-1 at 20 °C showing that the contact resistance 
between the wire and the Au contacts is low. As mentioned before, a high contact re-
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sistance is the prevalent problem of bottom-up approaches for depositing nanostructures 
between electrodes. A similar difference between nanosized and bulk materials was report-
ed for Pd nanowires of about 200 nm diameter [218]. It is very probably that the conductivity 
is diminished due to a polycrystalline structure and surface roughness (slight diameter varia-
tions) of the wire. Furthermore, the wires have a granular morphology, which should de-
crease the wire conductivity by additional electron scattering at grain boundaries compared 
to monocrystalline nanowires. This effect could not be quantified since no successful growth 
of monocrystalline copper NWs of similar geometry for comparison was achieved. 
      
Fig. 3.7: Electrical characterization of a contacted copper nanowire with a diameter of around 500 nm. 
(a) SEM image of a grown nanowire with a length of 40 µm, a Cu(NO3)2 concentration of 1.0 mM, a 
voltage amplitude Vpp = 20 V, and a frequency f = 750 kHz. Scale bar 20 µm. (b) I-V characteristic of 
the grown copper nanowire in (a). The curve reveals ohmic behavior. 
 
In terms of the use of grown and contacted nanowires in gas sensing applications, it is re-
quired to have semiconducting copper(II)oxide (CuO) nanowires instead of metallic copper 
nanowires. To find out, if the synthesized Cu wires convert to CuO nanowires in ambient air, 
the resistance was measured during three consecutive nights for 15 h, respectively. Fig. 
3.8b gives an example of the resistance response of a copper nanowire fabricated by DENA. 
Due to the small variations in resistance, it is concluded that the wire did not oxidize, be-
cause the resistance remains approximately constant over time. Copper oxides are poor 
conductors and the determined wire conductivity in the range of 106 S m-1 is much higher 
compared to the electrical conductivity of CuO of 10-1 S m-1 at room temperature [273], 
which excludes that the wires oxidize to CuO at ambient conditions. The electrode design 
included an additional floating electrode (FE), which serves to reduce the Joule heating of 
the wire upon contact (Fig. 3.8a). This design is favorable, because the magnitude of the 
current and thus the Joule heating of the wire upon contact can be reduced by using floating 
electrodes. This electrode design should prevent the wires from burning when they contact-
ed the electrode. The yield could be increased, but was still not satisfactory. 
























Fig. 3.8: Measurement of the resistance over time for an exemplary copper nanowire. (a) SEM image 
of the copper nanowire. Scale bar 5 µm. (b) Measurement of resistance shows that no oxidation of 
the wire occurs. 
 
For the application as gas sensor, it is also important that more than one wire is grown sim-
ultaneously. This enhances the sensor yield as well as the sensor-to-sensor reproducibility. 
An extensive analysis allowed to determine an optimized set of process parameters (Vpp = 
20 V, f = 250 kHz, c = 1 mM) to simultaneously grow single straight nanowires contacting 
one electrode tip to the other tip (Fig. 3.9). The distances between the electrodes were 40 
µm. 
   
Fig. 3.9: Simultaneously grown copper nanowires. (a) Electrode layout with three parallel pairs of elec-
trodes with a gap size of 40 µm. (b) SEM image of the electrode tips with the grown wires in-
between. Scale bars 200 µm. (c-e) Grown wires with process parameters: Vpp = 20 V, f = 250 kHz, c = 
1 mM. Scale bars 10 µm. 
3.5 Discussion 
The copper NW growth was analyzed in dependence of experimental parameters (salt con-
centration, voltage, frequency). In the experiments, rectangular voltage signals were applied 
(Vpp ≥ 6 V). These are considerably larger than the characteristic electrode potentials men-
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tioned in section 3.3. Fig. 3.5d gives a clear evidence for the dissolution of the gold elec-
trodes at a high voltage of Vpp = 20 V and to a less extent also in Fig. 3.4 at lower voltage. 
Dissolution of gold nano-dendrites was comprehensively studied in [231]. 
The nucleation of copper on the gold electrode surface obviously requires that the cupric ion 
concentration and the applied voltage amplitude exceed certain thresholds depending also 
on the frequency. So, for a low concentration of 0.05 mM (Vpp = 16 V, f = 250 kHz) and at a 
low voltage of Vpp = 8 V (c = 1 mM, f = 750 kHz) no NW growth took place within three 
minutes. Such a so called voltage threshold was also described for the DENA technique of 
indium wires [232]. As a tendency, a high cupric ion concentration at the electrode surface 
supports the copper precipitation on gold for negative electrode polarity. This is due to the 
higher near-surface concentration with increasing bulk concentration. Moreover, the ion con-
centration is strongly enhanced owing to the cupric ion attraction during the negative half-
wave of the voltage. In terms of the voltage, a higher voltage results in a larger electric field 
and accordingly to a larger attractive force. If the frequency is considered than at a lower 
frequency, the time for ion accumulation near the electrode surface is longer. Thus, a higher 
concentration can be reached during one half-wave. After the formation of copper nuclei, 
wires start to grow and subsequently copper becomes the electrode material. The Butler-
Volmer equation (3.6) in section 3.3 describes the charge transfer at the electrode surfaces 
for the reduction of copper (3.1). With increasing charge transfer rate at the wire surface, ion 
transport from the bulk solution to the wire via diffusion and field-driven migration will be-
come rate-determining. This transport limitation is apparently responsible for the formation 
of highly branched NWs [233] as depicted for instance in Fig. 3.4b and c. The obtained wire 
morphology is very similar to the fractal patterns realized by diffusion-limited aggregation as 
reported in literature [234, 235]. 
Ion transport caused by the electric field is particularly pronounced near the nanowire tip. At 
this point, the field strength can reach comparatively high values, because of the small tip 
radius. This can be determined by approximating the tip by a hemisphere of radius rtip and 
assuming a counter electrode in large distance >> rtip. The electric field in vacuum is calcu-
lated from V / rtip at the tip surface, where V  is the applied voltage. In the solution, the ion 
accumulation near the surface also influences the electric field. This case is analyzed in more 
detail in [236]. The increased electric field at the nanowire tip leads to the favored copper 
deposition at this place. 
In the case of lower frequencies, ions are attracted for a longer time during one voltage 
pulse resulting in a higher ion accumulation at the electrode surface, even in surface regions 
with lower electric field strength. This leads to a large number of thicker wires as shown in 
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Fig. 3.6a. Remarkably, wire growth can be observed at the whole electrode surface, not only 
at the electrode tip and also from both electrodes. With increasing frequency, the number of 
grown wires decreases and the wires are preferably formed at the electrode tips. Generally, 
ion accumulation at the electrode surface becomes less with shorter voltage pulses. Since 
ion accumulation at the wire tip is largest due to the higher electric field, wires nearly exclu-
sively elongate as seen for example in Fig. 3.6f. Branching of wires takes place likely be-
cause of mass-transport limitation. The particularly fine dendritic structure in Fig. 3.4b im-
plies that, at relatively low bulk concentration of 0.1 mM, only thin wires can grow since only 
sufficiently small tip radius ensures a high enough electric field strength for copper deposi-
tion. 
After investigating the main parameters that influence the morphology of formed copper 
wires, the achieved findings were used to grow several wires simultaneously. Fig. 3.9 pre-
sents the controlled nucleation of nanowires at sharp electrode tips. In this case, the ion 
concentration of 1 mM and the frequency of 250 kHz were high enough to reduce the effect 
of mass-transport limitation as reason for wire branching. Thus, wires with only few short 
side branches and diameters of about 300 nm grew. 
However, in Fig. 3.9 and also in Fig. 3.3a it can be seen that even though the structures are 
straight, they are rough dendrites, especially when compared to wires reported by others 
[218, 221, 230]. Applying an AC voltage to the electrodes, the direction of the electric-field-
driven part of the particle transport is oscillating resulting in a periodic enrichment and deple-
tion of the charged species near both electrode surfaces. It is assumed that two cases have 
to be distinguished, where the metal bearing species are metal cations (e.g. Pd2+) or anionic 
complexes (e.g. AuCl4- [231]) since anions are repelled from the electrode when electron 
charge transfer occurs during the negative half-cycle of the AC voltage, whereas cations are 
attracted. In a recent paper [233], it was demonstrated by computer simulations that the 
reduction of anionic complexes happens right after the polarity switch from positive to nega-
tive electrode potential. In the case of Pt and Au, it is speculated that the presence of Cl- and 
the preferred adsorption of Cl on special crystal facets could promote special growth direc-
tions.  
The present case of copper wire growth from Cu(NO3)2 solution could be similar to the case 
of Ag from AgNO3, where cations are attracted during reduction. From the thoroughly ex-
plored In wire growth [232], it is known that needle-like wires grow only in a very small volt-
age and concentration region with a constant frequency. Similarly, the voltage-concentration 
window for growing unbranched monocrystalline copper NWs could be extremely small or 
even missing. The tendency to branching seems larger for copper NWs compared to In 
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NWs. The reason for this difference is presently unknown. But it can be related to the differ-
ent valence (Cu2+ and In3+). For instance, the solvation energy for In3+ should be considerably 
larger. It seems also likely that sufficient electron transfer for reduction of Cu2+ is easier than 
for In3+, resulting possibly in a faster deposition and more unstable growth with nucleation of 
new grains. 
To sum up, it is guessed that especially straight nanowires can be achieved exclusively in 
the cases of (a) growth of monocrystalline nanowires, e.g. shown in ref. [230], or (b) highly 
oriented growth with the preferred orientation of poly-crystallites within the nanowires, like 
shown in [233]. However, the nanowires shown in Fig. 3.9c-e represent neither case (a) nor 
case (b). The nanowires are polycrystalline and consist of multiple randomly oriented copper 
clusters, which can be easily distinguished in SEM image (e.g. in Fig. 3.5d or Fig. 3.9c–e). In 
this case, the straightness of the wire and its morphology is mostly caused by an electric 
field in solution and by mass-transport limitation, respectively. 
3.6 Summary 
In this chapter, the controlled electrochemical synthesis of copper nanowires from an aque-
ous Cu(NO3)2 solution with diameters of about 100 nm and a length of up to several mi-
crometers was demonstrated. The frequency was found to notably affect the nanowire di-
ameter. This approach further enables the rapid growth of copper nanowires with distinct 
morphologies at predefined electrode locations. The following guidelines to obtain thin nan-
owires can be deduced from the experimental and theoretical investigations: 
 Electrode structures should have sharp tips for controlled nucleation sites to initiate 
nanowires growth. 
 The frequency has to be adjusted above a threshold as such that the copper ion concen-
tration at the NW tip is sufficiently high to ensure wire growth at the tip, but to avoid 
copper deposition on the other wire surface. With increasing frequency the NW nuclea-
tion becomes harder at the initial gold electrode tips, resulting in a lower ion accumula-
tion at the electrode surfaces. Thus, supporting the fact that the electrode tips should 
be as sharp as possible. 
 Wire branching can be avoided by providing sufficiently large ion concentration, such 
that mass-transport limitation is not possible. 
 It is crucial to properly limit the voltage amplitude to prevent dissolution of the gold elec-
trodes. 
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The obtained results are of high interest for potential nanosensor configurations, particularly 
for developing highly sensitive gas sensors. However, despite the great progress, which has 
been achieved in the synthesis of copper nanowires via DENA, there are still a number of 
challenges to be solved in order to use this technology for gas detecting applications. Some 
of these issues are the relatively large width of the wires, low yield due to the regularly ocur-
ring burn through of the wires during the growth process, and the additional oxidation step. 
For these reasons and because of the higher sensitivity that can be reached by using silicon 
nanowires, this approach is not pursued further in this work. Furthermore, high operating 
temperatures are required for operating gas sensors based on metal oxide semiconductors 
as sensing materials. This is not needed for SiNW based devices. Therefore, further activi-
ties within this work focus on the use of silicon nanowires as gas sensing elements. 
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4 Technology for the Fabrication of Silicon Nanowire based Sen-
sors 
In the following chapter, developed and applied methods for the fabrication of gas sensors 
based on silicon nanowires in this work are described. The aim was to develop individual 
demonstrators enabling to investigate electrical characteristics under exposure to gases and 
verify new concepts, making it to a crucial part of the work on the topic. As introduced in 
section 2.4 there are two techniques for the fabrication of nanowire based devices. Both 
bottom-up and top-down methods were used to fabricate the devices in this work. The 
recognition element of the sensors was formed by the semiconductor silicon in the form of 
nanowires. The fabrication process was based on the nanowire growth, which belongs to 
the bottom-up methods. This method allows growing nominally undoped wires with diame-
ters below 10 nm, a low edge roughness, and a constant diameter over several microns 
[237]. Comparable structures can be realized with top-down methods only at very great ex-
pense [238]. The patterning of the source and drain electrodes for the deposition of nickel 
were done by means of top-down methods. The combination of both methods led to im-
proved electrical properties of the active elements of the fabricated devices through their 
high structural quality and they could be specifically structured for subsequent processes 
and measurements. 
The fabrication steps of silicon nanowire based gas sensors used in this work can be divided 
into four main processes. Some process steps were done by colleagues as mentioned in the 
following:  
1. Nanowire growth (done by Sebastian Pregl), 
2. Nanowire transfer to the sample substrate (done by the author), 
3. Contact of the wires (done by the author), 
4. Silicidation (done by Andreas Gang). 
A more detailed description of the different fabrication steps is shown in Fig. 4.1. The sensor 
fabrication process starts with the nanowire growth. The grown NWs need to be released 
from the substrate where growth took place and transferred onto another substrate for fur-
ther processing. The NW transfer was enabled by a mechanical abrasion process called con-
tact printing. After this procedure an array of SiNWs was obtained, which was etched in 
HCl / HNO3 to remove the AuSi eutectic tips of the NWs. The following dry oxidation step 
was just carried out for those sensors having a low defect oxide shell. It was not done for 
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the sensors based on SiNWs with a native oxide shell. Optical lithography was used to pat-
tern the electrode structure on top of the aligned NWs. A buffered hydrofluoric acid (BHF) 
etching step was performed for a local removal of the NW oxide shell, which would prevent 
the diffusion of nickel into the wire during silicidation. Afterwards, nickel was deposited as 
electrode material and the lift-off was conducted. After annealing in forming gas for further 
silicidation of the wires, NiSi2-Si interfaces were formed. 
 
Fig. 4.1: Process steps for the silicon nanowire based sensor fabrication. (a) CVD synthesis of silicon 
nanowires, (b) contact printing transfer of grown nanowires to the chip substrate (Si/SiO2), (c) parallel 
array of silicon nanowires, (d) etching with HNO3+3 HCl and oxidation of the wires, (e) exposure with 
optical lithography, (f) development of the resist and local oxide etching by HF, (g) Ni deposition, (h) 
lift-off in a solvent, (i) annealing for the silicidation of nanowires forming NiSi2-Si interfaces. Dimen-
sions and relations do not correspond to the actual values. 
 
The individual process steps are described in detail in the following subchapters. Further 
development of the devices was basically carried out by changing the sensor design. 
4.1 Nanowire Synthesis 
To fabricate a semiconductor area having a cylindrical structure, the nanowire growth was 
based on the vapor-liquid-solid process (VLS) [239]. It is one of the chemical vapor deposition 
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with means of a catalyst particle. The used nanowires were available from previous works of 
the group. These were grown in a CVD furnace using generated gold particles as a catalyst 
[240]. The material, structural, and geometric properties of the grown wires met the re-
quirements of the sensors fabricated for this work, so that no additional growth experiments 
had to be performed. The nanowire growth for the wires used in this work can be divided 
into the following processes [237], depicted schematically in Fig. 4.2a: 
 Surface coating of the catalyst by means of a 0.5-1.0 mm layer of Au on Si or SiO2, 
 Coalescence of the Au layer, 
 Influence of monosilane, 
 Formation of a Si-Au mixed phase, 
 Diffusion of Si, 
 Formation of a eutectic (liquefaction), 
 Supersaturation and formation of a solid Si-rich phase, 
 Monolithic extension of Si. 
    
Fig. 4.2: Si nanowire synthesis. (a) Schematic representation of the procedure for VLS growth [239], 
(b) SEM side view image of the growth substrate after Si nanowire growth. Scale bar 10 µm. Nan-
owire tip with AuSi eutectic droplet is shown in the inset [240]. 
 
Thus, SiNW were available, which were used as a semiconductor material for the fabrication 
of nanowire based gas sensors for this work. The application of dopants was suppressed in 
the fabrication and subsequent processes. However, the unintended placing of single do-
pant atoms cannot be excluded. The grown wires had a homogeneous diameter of 22 nm ± 
5 nm, a length of approximately 40 µm, and based on the number of wires a high density on 
the growth substrate (> 10 µm-1) [240, 241]. Transmission electron microscopy (TEM) inves-
tigations revealed a monocrystalline structure of the Si nanowires and an amorphous SiO2 
shell [242]. Fig. 4.2b shows SiNWs on the growth substrate, which was the starting point of 
the experimental work. 
(a) (b) 
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4.2 Nanowire Transfer and Oxidation 
The controlled and predictable assembly of well-ordered structures is essential to achieve 
the substantial potential of bottom-up synthesized nanowires in gas sensing applications. 
The wires connected to the growth substrate were not suitable for the fabrication of individ-
ual gas sensors, which required a detachment of the wires from the substrate. It is a major 
challenge in the development of nanomaterial based devices to controllably fabricate large 
areas having a high density of arrays with nanometer-scale structures. Diverse approaches 
for the hierarchical assembly of one-dimensional nanostructures can be found in literature. 
Nanowires are aligned in fluid flows [243], using the Langmuir-Blodgett technique [244, 245], 
and by electric-field directed assembly [246, 247]. However, solution based methods cause 
difficulties, such as contamination and nanowire bending during film densification [240]. 
In this work, a contact printing approach for the nanowire assembly over large areas was 
used. This dry deposition strategy enables the direct transfer and positioning of nanowires 
from a donor to a receiver substrate [248, 249]. Moreover, the technique has several ad-
vantages: it is simple and the transferred nanowires are highly aligned and dense with a high 
uniformity and reproducibility. The operating principle is schematically depicted in Fig. 4.3a. 
The growth substrate with the vertically arranged NWs, called donor substrate, was broken 
into smaller parts. Such a piece was attached to a steel cubic weight (1x1x1 cm3) with dou-
ble-sided adhesive tape after it was hold under a nitrogen stream to remove dust and silicon 
grains. The weight ensured a defined pressure between the donor and receiver substrate 
(Si/SiO2, degenerately p-doped/400 nm). Before the nanowire transfer process, the receiver 
substrate was cleaned with acetone, isopropanol, and purged with nitrogen. The donor sub-
strate was placed upside down on top of the device substrate such that the NWs were in 
contact with the chip. A gentle manual pressure to the side of the wafer piece was then 
applied, leading to a sliding of the growth substrate of a few millimeters. In order to avoid 
leakage currents through scratches in the later Ni deposited areas, the growth substrate was 
placed in the region where the contact pads were not located. During the printing process 
NWs are well aligned by sheer forces and a controlled transfer of NWs is enabled through 
chemical binding interactions between NWs and the surface of the receiver substrate (Fig. 
4.3b). It is assumed that NWs stick to the receiver substrate even by covalent bonding [240], 
which is probably, because NWs adhere to the surface during the remaining fabrication pro-
cess. Finally, the donor substrate was carefully removed and devices were then fabricated 
on the printed NW array using conventional top-down lithography. For the contact printing 
process no lubricant or chemical surface treatments were applied, like suggested in some 
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literature [248], to reduce contamination risk. Surface contamination cannot only lead to an 
accumulation of NWs (Fig. 4.3c), but also damage the SiO2 layer, which later results in gate 
leakage and degraded sensor behavior. Therefore, a thick SiO2 back gate oxide was used.  
     
Fig. 4.3: Contact printing of NWs. (a) Schematic of the process for contact printing of a NW array. (b) 
SEM image of SiNWs printed on a Si/SiO2 substrate showing highly dense and aligned monolayer of 
NWs. (c) A contaminated substrate surface can lead to a nanowire accumulation. Scale bar 5 µm. 
 
Additionally to the Si nanowires with a native oxide shell, Si nanowires with thermally grown 
SiO2 were fabricated. For this an additional process step was introduced, which is described 
in the following. The high temperature step of the oxidation increases the diffusion of the Au 
catalyst particles connected to the wires. These can generate deep charge carrier traps that 
affect the electrical behavior [250]. In addition, the diffusion of oxygen through a native oxide 
is not constant, resulting in a non-uniform thermal oxidation and thus an inhomogeneous 
oxide thickness [251]. To reduce the charge carrier traps and increase the homogeneity of 
the SiO2 layer, the substrate was etched for 2 h in aqua regia (HNO3 25 %, HCL 75 %). 
Through the strong adhesion of the nanowires on the sensor chip due to contact printing no 
detachment of the nanowires was observed. For the oxidation of the wires a rapid thermal 
processing (RTP) furnace (SHS 2800, AST Electronic GmbH) was used. After purging the 
chamber with N2, the sample was heated with about 45 K·s
-1 at 875 °C under a flow rate of 
10 slm O2 at 1 bar. This temperature was maintained for 6 min and then lowered below 60 
°C without interrupting the oxygen supply. Directly afterwards a passivation was carried out 
under forming gas with 90 % N2 and 10 % H2 at 450 °C for 10 min to saturate remaining 
dangling bonds at the Si/SiOx interfaces [252, 253]. By this temperature treatment no metal-
lic pre-structured substrates could be used. 
4.3 Sensor Design 
The basis of the sensor devices were 4 inch wafers with 400 nm thermally grown front ox-
ide from which the substrates were separated by laser cutting to a size with a width of 1 cm 
and a length of 2 cm, determined by the dimension of the sample holder in the gas detec-
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tion system (see chapter 5). The upper 50 mm2 of the sensor surface had to remain unpro-
cessed, since this area was needed to attach the substrate by means of a contact pin inside 
the gas detection system. Contact pads for electrical connection of the devices were located 
at the lower edge (Fig. 4.4a). Long electrode leads were necessary to minimize local oxide 
rupturing through the contact printing technique. This could result in scratches along the 
printing direction leading to gate leakage. Previous experiments showed that long leads of 
the electrode layout have to be oriented in the direction of the printed nanowires. A width of 
50 µm and length of 6 mm was chosen. 
To realize highly sensitive resistive gas sensors, the arrangement of the metal electrodes 
and the sensing element is one of the key issues. An interdigitated electrode array was de-
signed and fabricated to increase the surface area as depicted in Fig. 4.4b and c. With this 
design a large amount of nanowires was connected in parallel, which led to an increased 
sensor reproducibility compared to sensors based on single nanowires. The electrode dis-
tance was 6 µm, the electrode width 4 µm, the length of an individual electrode was 500 
µm, and the length of the interdigitated array 1.5 mm, resulting in a number of 150 electrode 
gaps per chip. 
 
Fig. 4.4: Sensor design. (a) Schematic illustration of the sensor layout with contact pads, electrodes 
and a blank zone for the sample attachment. (b) Microstructure of an interdigitated electrode array 
with a perpendicular nanowire orientation. (c) SEM image of contacted nanowires. Scale bar 5 µm. 
4.4 Fabrication of Contact Electrodes 
Through contact electrodes, the nanowires can be mechanically fixed and electrically con-
tacted. Metal contacts are established in the semiconductor fabrication, because of their low 
electrical resistance, mechanical, thermal, and chemical stability as well as the simple fabri-
cation [254]. In this work the contact to the nominally undoped semiconductor was pro-
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formation, which was a crucial basis for the function of the SiNW based gas sensors [255]. 
One method of the Ni contact fabrication is conventional top-down lithography. 
4.4.1 Lithography 
Two different kinds of lithography were used for the fabrication of microelectrodes. Laser 
lithography was applied for the structuring of photomasks, which were subsequently utilized 
for optical lithography. Photoresists are materials that undergo photochemical reactions 
when exposed to light [256]. In optical lithography a specific pattern is accomplished by the 
imaging of a mask. In contrast, in laser lithography a scanned, focused laser beam is used to 
directly write patterns in photoresist in a serial fashion. 
The used photomasks from Rose Fotomasken GmbH were deposited with layers of chromi-
um and positive photoresist (LRC-chromium, AZ 1500 resist). Structuring was done by laser 
lithography (DWL 66fs, Heidelberg Instruments) using a 4 mm write head at λ = 405 nm 
followed by 60 s development (AZ 351B, Microchemicals) and subsequent etching for 60 s 
(Chromium etch No. 1, Microchemicals). Afterwards, the mask was ready for use in optical 
lithography. 
Mask alignment and exposure was carried out with a MJB4 Mask Aligner from SÜSS Micro-
Tec. An adhesion promoter (TI Prime, Microchemicals) prior to the coating step was depos-
ited by spin-coating and then tempered at 120 °C for 2 min before the resist was applied to 
improve the adhesive effect of the photoresist. The image reversal photoresist (AZ 5214E, 
Microchemicals) was used to achieve a negative wall profile ideally suited for lift-off. It was 
spin-coated on the substrate with 3400 rpm for 60 s to reach a thickness of 1 µm, followed 
by subsequent heating on a hotplate at 110 °C for 1 min. The exposure with optical lithogra-
phy was performed with a mercury lamp as ultraviolet (UV) source at a wavelength of λ = 
365 nm for 1 s followed by a bake step for 2 min at 120 °C. The exposed areas of the resist 
became almost insoluble (in developer) and no longer light sensitive due to a special cross 
linking agent together with the exposed photoactive compound. The pre baked photoresist 
was flood exposed (no mask) for 30 s to generate some exposed photoactive compounds at 
the surface. The structures were developed for 60 s in undiluted AZ 760 MIF, where the 
(during the first exposure) unexposed areas are dissolved and the cross linked areas remain, 
resulting in a negative pattern of the mask. Finally, the reversal-bake step at 120 °C for 4 min 
was performed to partially crosslink this top areas. Thereby, a top layer with a lowered disso-
lution rate compared to the bulk material was generated. Due to the lower dissolution rate in 
the top layer a T-shaped profile with overhanging lips was the result. 
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4.4.2 Oxide Etching 
Silicon forms a native oxide upon contact with ambient air [257]. This acts as a diffusion bar-
rier for Ni, whereby a formation of nickel silicide is prevented in the bulk at temperatures 
below 800 °C (see subchapter 3.5) [258]. A passivation is used to prevent oxide formation, 
where free Si bonds are saturated with hydrogen. This passivation prevents the adsorption 
of molecular oxygen up to 380 °C [259] and can be achieved by means of surface treatment 
by HF or BHF. These etching solutions remove the native silicon oxide and passivate the 
bare silicon [260]. The passivation decreases at room temperature (RT) in the air after a few 
minutes, resulting in the formation of a new native oxide.  
In this work, a 1 % BHF solution was used for etching, which in contrast to HF has a tempo-
rally constant etch rate through the excess of F-ions and does not damage the resist even 
after long etching durations. Chips based on NWs with a native oxide shell were immersed 
for 30 s and substrates with thermally grown oxide shells were etched for 80 s. The 
AZ5214e resist layer protects the covered areas from the acid for several minutes. 
4.4.3 Nickel Deposition 
After the etching process, a 50 nm Ni stack was deposited. The selected method was phys-
ical vapor deposition (PVD). Among the various PVD-techniques sputtering was available and 
appropriate, because the period between etching and deposition could be kept very short, 
thus preventing the reoxidation of the Si nanowire surface. The sputtering chamber (High 
Resolution Ion Beam Coater Model 681, Gatan) used in this work had a load lock allowing 
the main chamber to permanently operate in vacuum conditions.  
Ion beam sputtering utilizes an ion beam, which is accelerated towards the target with ad-
justable kinetic energies between 2 keV and 10 keV. The highly energetic argon ions from 
the injected argon gas lead to a release of Ni atoms from the target by means of their kinetic 
energy. The resulting ion beam impinges upon a target material and this results in a material 
beam directed towards the substrate. With a film-thickness monitor the deposition rate is 
continuously measured and the film thickness can be controlled.  
The lift-off was then carried out by dipping the substrate in acetone for 30 min with a short 
(5 s) ultrasonic agitation. After rinsing in isopropanol and drying in a nitrogen stream the de-
vice was ready for the silicidation prodedure.  
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4.5 Fabrication of Schottky Contacts within a Nanowire 
In general, through the chemical reaction of metals with silicon, referred to as silicidation, 
intermetallic phases can be formed [261]. The resulting silicides have a low electrical re-
sistance and high temperature stability, therefore Co-, W-, Pt-, and Ni-silicide are used in 
semiconductor technology [254]. Compared to the reaction in bulk material, the activation 
temperatures and at certain temperatures formed phases of the nanowire silicidation differ 
[262]. The silicide formation is primarily determined by the interfacial reaction, whereby the 
silicidation rate does not depend on the contact distance [237]. Due to the chemical conver-
sion of the single-crystalline Si into single-crystalline NiSix, a semiconductor-metal-contact 
with an abrupt interface and a low interfacial density is formed [263, 264].  
In this work Ni was used as contact metal. Diffusion of Ni atoms is required to form a nickel 
silicide within a Si nanowire. For the silicidation an annealing process in forming gas (H2/N2 
20/1 v/v) in a RTP furnace designated SHS 2800 of the company AST Electronic GmbH was 
carried out. Devices with a native oxide shell were annealed at 450 °C for 20 s, whereas the 
silicidation rate for thermally grown nanowire oxide shell is smaller with 500 °C for 30 s. The 
annealing in forming gas leads to an additional hydrogen passivation of dangling bonds at the 
Si/SiO2 interface improving electrical characteristics [252]. Upon annealing, Ni diffuses axially 
into the SiO2 coated SiNW and transforms the Si regions into metallic, single-crystalline NiSi2 
NW segments (Fig. 4.5) [255]. Thus, NiSi2/intrinsic–Si/NiSi2 NW axial heterostructures sur-
rounded by a SiO2 shell are formed [265]. Contacted NWs with NiSi2/Si Schottky junctions 
are shown by SEM in Fig. 4.5.  
 
Fig. 4.5: SEM image of contacted NWs with NiSi2 interfaces. The red arrows indicate the location of 
the Schottky junctions. Scale bar 100 nm. 
4.6 Summary 
This chapter described the developed and used methods for the fabrication of SiNW based 
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around 20 nm. By transferring the nanowires to a parallel dense array, the electrode fabrica-
tion by lithography on a substrate with 400 nm SiO2, the deposition of Ni, and the silicidation 
of the wires, the fabrication procedure of the devices used in this work was demonstrated. 
The nanowire growth as well as the silicidation are processes, by which the high structural 
quality of the monocrystalline nanowires with abrupt metal-semiconductor interfaces can be 
achieved. The so formed NiSi2-Ni-NiSi2 nanowire heterostructure formed one important pre-
requisite of the sensor operation. An equivalent structuring can be realized with top-down 
processes only with very high effort. An essential step in improving the electrical properties 
represent gas sensors based on nanowires with a thermally grown oxide shell. 
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5 Measurement Setup and Implementation 
This chapter deals with the developed gas measurement setup, which was used to carry out 
NH3 detection experiments in this work. The test and measurement system has a significant 
impact on the successful development of gas sensor systems. Due to the growing applica-
tion of gas sensing, like in the breath gas analysis, there is a rising interest in multisensor 
systems and pattern recognition techniques leading to increased specifications for such 
measurement systems. The following chapter describes the experimental setup, beginning 
with a brief overview of the state of the art and requirements of a gas test system. Further-
more, this section gives a comprehensive view on the gas measurement procedure used in 
this thesis. 
5.1 State of the Art 
At present, various gas measurement systems are known, which ensure a defined gas flow 
over sensors at certain temperatures during the measurement. In the following, only the 
literature relative to gas measurement chambers is considered, because this work focuses 
on the development of such a system and it belongs to the most important parts of the 
whole gas flow apparatus.  
H.-E. Endres et al. presented a test system for gas sensors in 1995 [266]. Two chambers 
were developed, which ensured a small volume and a well-defined gas flow. These test 
chambers contained simultaneously up to ten different types of sensors (semiconductor, 
dielectric, micro-scale, etc.) and enabled measurements of the gas temperature and pres-
sure. A 1999 by P. Pérez Ballesta et al. developed gas measurement chamber consisted of a 
20.7 l comprehensive cylindrical glass chamber, which was divided longitudinally by a glass 
shell [267]. This enabled the physical recirculation of the air inside the chamber and the gen-
eration of a controlled wind speed by a small fan, which was installed inside the chamber. A 
gas measurement chamber with a small volume in which a sensor was installed, was pub-
lished by Kida et al. in 2008 [268]. The dead volume of the chamber was 0.6 cm³. The diam-
eter of the gas inlet and outlet was 0.5 and 2 mm, respectively. This size difference reduced 
the pressure drop in the chamber by facilitating the gas outlet. A ceramic heating element 
was attached to the bottom of the chamber, while three heat insulating plates out of mullite 
were disposed directly below the heater to allow maximum heating of 450 °C. In a further 
publication, a system was described in which the substrate was located in a gas flow cham-
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ber of Teflon [269]. The electrodes of one sensor were connected to a potentiostat. During 
measurement, a continuous stream of gas with a constant flow rate, which could be 
switched between nitrogen and the analyte-nitrogen mixture, was directed over the sub-
strate. In another embodiment, the measurements of the test gas flow occurred in the sen-
sor chamber made from stainless steel, which had to be readjusted for different sensor 
types and models [270]. In 2014, a stainless steel gas measurement chamber is demon-
strated with a total of 104 integrated electrical feedthroughs [271]. The chamber consists of 
a base plate containing the electrical feedthroughs, a stainless steel ring, and a top cover. 
Inside the chamber custom-made printed circuit boards (PCB) distribute electronic connec-
tions to allow adjusting for different pin-layouts of the microchips. 
5.2 Requirements of a Test System for Gas Sensors 
The main task of a gas measurement system is to regulate all the conditions that are essen-
tial for the sensor's behavior to achieve a qualified performance of the measurements. In 
this way sensor properties and behavior can be investigated under the influence of gases, 
which is indispensable for the understanding, development and optimization of sensors. To 
examine the full capability of sensors, it is necessary to provide on the one hand concentra-
tions that cover all desired concentration ranges and on the other hand a high accuracy of 
the gas combinations. Parameters that influence thermodynamic processes on the sensor 
surface, like temperature and pressure, must be controlled and stable. Furthermore, the de-
sign of the exposure chamber has to ensure a fast gas exchange and a homogeneous gas 
flow. Today’s sensor applications call for selective gas detections. Hence, it is essential that 
test systems can measure several gas sensors simultaneously. To guarantee a precise con-
trol of the environmental conditions and allow the storage and evaluation of the large 
amount of measurement data, only computer-controlled measurement units are applicable. 
Thus, the main requirements for a laboratory-based apparatus to characterize nanomaterial 
based gas sensors can be summarized as follows: 
 Control of the analyte gas concentration in the ppm to ppb range, 
 Fast measurement and read-out of the sensor signal (near-real-time), 
 Precise control of the sensor temperature, 
 Possibility of reuse of the sensors by non-fixed bonds, 
 Simultaneous measurement of multiple sensors, 
 Uniform gas flow over all sensors. 
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From these requirements and considering needs for a laboratory-based system, a novel set-
up was designed. Accordingly, the presented apparatus is capable of reading-out up to four 
sensor responses quasi-simultaneously. The possibility of simultaneous measurements al-
lows on the one hand determining the reproducibility of the fabricated sensors and on the 
other hand comparative studies of different sensing materials. In the following, the imple-
mentation of the mentioned requirements in the system developed in this work is described. 
5.3  Apparatus 
The complete apparatus is schematically depicted in Fig. 5.1. It comprises four subsystems: 
the gas delivery system to control the gas composition and concentration inside the meas-
urement chamber, the gas exposure chamber for a specific attachment of the samples, the 
read-out electronics to determine the resistivity of the sensors, and the temperature control 
for the sensor chips. The subsystems can be controlled via a single computer by integrated 
programs with graphical user interfaces. All of the gas feedthroughs are implemented 
through a 2-tube system. Stainless steel tubes with diameters of 6 mm (Swagelok) for the 
gas inlet and outlet are connected with adapters to a standardized clamp flange (KF-) system 
(VACOM Vakuum Komponenten & Messtechnik GmbH). This is further described in the fol-
lowing sections. The whole system was designed using the 3D-computer-aided design 
(CAD)-software solution Inventor® Professional (Autodesk).  
 
Fig. 5.1: Schematic configuration of the developed gas flow apparatus with a small volume gas 
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5.3.1 Gas Delivery System 
The gas delivery system is made up of two individual channels. Each channel is connected 
via tubes to pressure reduced gas cylinders or to the nitrogen connection. The two bottles 
contain the analytes diluted in N2 and one tube is directly connected to the pure nitrogen 
supply. The flow rates of N2 and sample gases are precisely controlled to a setpoint value 
independent of pressure and flow resistance variations by SLA5850 (Brooks Instrument 
GmbH) mass flow controllers (MFC). Flow control is done by computer software (Brooks 
Smart DDE) through a RS232/RS485 converter and a specially developed Microsoft Excel 
user interface. With it setpoint values can be transferred to the MFCs. The maximum flow 
rate of the MFC for the N2 flow is 2 l/min. For the analyte/N2 mixture a flow rate of 20 ml/min 
can be achieved. By changing the flow rate of the latter, the concentration is varied. Both 
gas flows of the individual channels are merged after the MFCs and then guided to the 
measurement chamber. The exhaust of the chamber is extracted via an evacuation system. 
5.3.2 Exposure Chamber 
Test chambers for gas sensors are an important issue of every gas measurement system. 
Those have to be optimally planned concerning the gas flow, in order to get reproducible 
flow at the sensor surfaces. The chamber designed in this work is optimized with regard to a 
small volume for short gas exchange times and a highly laminar gas flow. Furthermore, the 
whole apparatus is hermetically sealed using vacuum components, because harmful gases 
were used for the experiments. Standard connection is a small vacuum flange KF40. The 
material is stainless steel with only two integrated electrical feedthroughs, which makes the 
system gas-tight and decreases costs, because complicated and expensive gas-tight feed-
throughs are reduced (Fig. 5.2). Stainless steel was chosen as material for the chamber 
since it is inert to most chemical reactions. The core of the gas measurement system is a 
stainless steel KF-DN40 6-way-cross (1, VACOM Vakuum Komponenten & Messtechnik 
GmbH), in which the sensors are located. Each of the six ports has its own function, which 
is discussed later in more detail. The dead volume of the chamber is very low with about 0.8 
cm³, whereby a fast gas exchange is ensured.  
The 6-way-cross is seated on two fork mounts (2), which enable its rotation. This ensures a 
facilitated installation of the sensors and through hose clips the 6-way-cross is secured 
against accidental tilting. The holders are attached to a mounting profile (3, ITEM Industrie-
technik GmbH). This is designed in L-shape to guarantee a stable position. At the two ends 
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rocker bases made out of nylon (4) are mounted, which allow a lying down of the whole ap-
paratus. This constitutes an alternative way to the rotatable holders, but was not used for 
reasons of space within the fume hood. Two stainless steel pipes with a diameter of 6 mm 
(Swagelok) are used for gas inlet (5) and outlet (6) to suppress a back diffusion of gases.  
   
Fig. 5.2: CAD model of the gas measurement chamber, which is gas-tight and rotatably mounted on a 
holder. This holder is attached to a mounting profile in a stable L-shape. (a) Assembled measuring 
system and (b) individual components of the system. 
 
The double cross piece comprises six ports with an inner diameter of 40 mm, respectively 
(Fig. 5.3). Within the chamber a gold coated copper block (10x10x20 mm) is located, which 
serves as thermal controlled sample holder. A 5 µm Ni layer was chemically deposited as 
diffusion barrier and subsequently a 1 µm Au layer to avoid oxidation and scale of the Cu 
was electrodeposited. Three spring contact pins per chip, which are high temperature re-
sistant, allow both the contacting of sensors to measure the resistance signal and the chip 
fixation. Around the Cu block with the sensors four parts out of Macor ceramics or Teflon 
are fixed with sleeve nuts. Macor was chosen, because it is an efficient insulator of heat and 
electricity and is stable up to about 1000 °C. The processing of the Macor elements was 
carried out using mechanical machining methods. The attachment of the sensors is done via 
the contact pressure of the three high-temperature spring contact pins, which are pressed 
into the Macor ceramics as well as through the Macor ceramics itself, which is bolted to the 
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All six ports of the 6-way-cross are airtight using seals (KF standard). A seal is positioned 
between the two flanges (KF40) and consists of a centering ring and the acrylonitrile butadi-
ene rubber (NBR, high chemical resistance) O-ring (7) stretched upon fixed by clamp chains 
(VACOM Vakuum Komponenten & Messtechnik GmbH). They enable a quick and easy as-
sembly without any tools. Two of the double cross piece ports (front and rear) are viewports 
out of borosilicate glass (8) with removable O-ring seals (VACOM Vakuum Komponenten & 
Messtechnik GmbH) for adjusting the contact pins during the sensor installation, as they 
provide an insight into the measuring chamber.  
The multiplexer electronics is located inside the lower arm of the chamber (z-). This includes 
a custom-made PCB via surface-mount technology (SMT), where the four relays are mount-
ed, which are responsible for switching between the chips. Relays with AgPd contacts are 
used having a contact resistance less than 100 mΩ. Each closer of a relay thus operates one 
chip. Furthermore, an ATtiny24 microcontroller (Atmel) is molded in epoxy resin, which is 
used to switch the relays randomly and multiplex the signal. In section 5.3.3 the sensor con-
trol is discussed in more detail. The sensors are connected via spring contact pins with the 
control electronics. Thereby, no cohesive connection takes place and the chips are therefore 
reusable. In the middle of the control electronics, the stainless steel pipe is located, leading 
the gas mixture to the chips.  
 
Fig. 5.3: Apparatus with exposure chamber (left). Stainless steel 6-way-cross with six ports, with dif-
ferent functions, like gas inlet, gas outlet, and viewports, respectively (right). Two electrical feed-
throughs, one for the connection to the controller and the other one to the measuring instrument, 
ensure to read out the resistance of up to four sensors. 
 
The stainless steel pipe has four holes as can be seen in Fig. 5.4a, where the gas flows to 
the sensors bounded by the Macor ceramics. Fig. 5.4a shows the assembled PCB board 
with the relays, sealing ring, Macor ceramics, and 13 contact pins. The 13 contact pins are 
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BNC connector and one for the clock signal. The chips, sheathed with Macor ceramics, are 
shown in Fig. 5.4b. The ceramics with the attached contact pins is fixed to the Cu block by 
means of a screw. The distance between the sensors and the ceramics is 1 mm. 
      
Fig. 5.4: Components inside the gas exposure chamber. (a) Lower part with the relays, PCB board 
sealing ring, Macor ceramics, and 13 contact pins, (b) Macor ceramics covering the sensors. 
 
The upper cylinder (z+) includes the gas outlet and the connection to the heating device, 
which is controlled using a power head. The heating control is discussed in detail in section 
5.3.4. Via a 9 pin SUB-D feedthrough (9) the system is connected to the controller box, thus 
the operating voltage is provided as well as the signal for the control of the sensors. The 
right port contains a Bayonet Neill–Concelman (BNC) feedthrough (10) for the connection to 
a measuring instrument. The electrical feedthroughs on the airside are connected via cables 
to the controller and measuring instrument, respectively. To avoid empty spaces, where gas 
diffusion can take place, all electronic components are embedded in epoxy resin. As much 
as possible of the electronic layout is placed within the chamber, so that the number of elec-
trical feedthroughs is minimized. This reduces the costs of expensive feedthrough compo-
nents and ensures the gas tightness of the system. 
5.3.3 Control and Read-out Electronics 
The resistance of each sensor is determined using a Keithley 2602 System SourceMeter 
connected with two coaxial cables and a BNC connector to the chamber. The electronic lay-
out was designed that it ensures the quasi-simultaneously time-resolved determination of 
the resistance of up to four gas sensitive materials independently of each other. For this a 
voltage between 100 nV and 40 V can be applied to the devices and the measurement range 
can be adjusted allowing for setting ideal parameters for each sensing material. Since the 
measurement chamber provides means to read-out four sensors, the switching between the 
sensors is arranged through the control of the relays by the controller. The four chips are 
(a) (b) 
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exposed and heated simultaneously, but only one resistance value can be read out at a time. 
A relay pointer multiplexes the four sources of current. 
The Keithley SourceMeter is connected to the computer via a RS-232 interface and a custom 
made program implemented in MATLAB (The MathWorks) controls the read-out. The pro-
ceeding of reading out the different sensor responses and the data acquisition are illustrated 
in Fig. 5.5. The measurement speed can be controlled by the MATLAB software to realize 
different measurement tasks, such as short-term investigations of surface reaction dynamics 
and long-term measurements for drift and saturation studies. The switch between the sen-
sors is limited by the relay switching time, which is 10 ms. So, all four devices can be meas-
ured per second, which was sufficient for the applications in this work. In each measure-
ment, the most important data are preserved, such as applied voltage, measured current, 
and time.  
 
Fig. 5.5: Proceeding of the data readout. (a) Flow chart of the data acquisition process. The grey 
square specifies the steps executed by means of the MATLAB program. (b) Illustration of the working 
principle of the data acquisition system. The Keithley is controlled by MATLAB via a RS-232 connec-
tion. The four sensors are connected to the Keithley using a BNC connector and contact pins for con-
tacting the sensors. 
 
The controller box, which was custom made, is an important instrument of the gas meas-
urement system. It includes the thermocouple module, SBC360 board, and liquid crystal 
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display (LCD) and takes over the control of the switching between the sensors and the tem-
perature control. Fig. 5.6 illustrates the structure of the controller box as well as the control 
and read-out electronics. A RS232 serial interface connects the computer with the SBC360 
board. The thermocouple module serves to monitor and control the temperature and is con-
nected to the SBC360 board. The exact working principle is explained in section 5.3.4. A 
LCD display shows the respective sensor, which is measured, and is plugged in the SBC360 
board. 
In a first approach, a sequential switching between the sensors by means of a Johnson 
counter (decade counter) was used. In order to enable a random access to any of the four 
chips this technology was replaced by an ATtiny24 microcontroller through SMT. One power 
output of the SBC360 board inside the controller box is used to transmit one byte addresses 
serial to the ATtiny24 microcontroller. A one-wire serial write-only connection was used, 
because the number of feedthroughs to the chamber is limited. The former feedthrough for 
the counter was used to control the microcontroller. This microcontroller multiplexes the 
signals and transmits single byte addresses via a universal serial interface (USI) to control 
the four digital outputs. Since all digital inputs and outputs (I/O) of the controller board are in 
use, a power metal-oxide-semiconductor field-effect transistor (MOSFET) output pin is used 
to transmit the one byte addresses to the controller universal asynchronous receiv-
er/transmitter (UART) register. 
5.3.4 Temperature Control 
The temperature of nanomaterial based gas sensors is a key factor, since those sensors 
react very sensitively to temperature changes. Moreover, selectivity towards specific gases 
is very important for gas sensor applications and can be increased by temperature variations 
[272]. The entire copper block, on which the sensors are located, is uniformly heated. There-
fore, all four sensors are equally heated and it is not possible to control each sensor chip’s 
temperature individually.  
Fig. 5.7 shows the schematic temperature controlling of the system. A software subroutine 
implemented in MATLAB manages the temperature control electronics, which allows for 
adjusting the sensor temperature. Via a serial interface (RS232) the computer is connected 
with the controller box. Temperature is monitored and controlled by a thermocouple type K 
via an inter-integrated circuit (I²C) bus module, which is controlled by the microcontroller 
board. This was chosen due to its two independent Pt1000 receiver circuits. 




Fig. 5.6: Schematic representation of the control and read-out electronics. 
 
But even the smallest Pt1000 sensors could not be integrated into the double cross piece, 
because the dimensions are too big for the needed temperature range. Therefore, a mantle 
thermocouple is used instead enabling a temperature range from 0 to +1100 °C. The ther-
mocouple module THMOD-I2C-800 (B & B Thermotechnik) is read out via an I2C bus, com-
pares the actual temperature with the setpoint value, and controls the MOSFET, which con-
trols the solder tips and is placed inside the power head. The power head consists of an 
acrylic glass drum, which includes a light-emitting diode (LED) shining blue when the sam-
ples are heated, and the MOSFET for controlling the heating of the copper block, which is 
done by four serially connected solder tips. The power for the MOSFET is supplied by the 
SBC360 board.  




Fig. 5.7: Schematics of the temperature control. Via the RS232 interface the time ticks and the tem-
perature values of the sample holder are transferred from the SBC360 board to MATLAB. MATLAB in 
turn uses the American Standard Code for Information Interchange (ASCII) format for data transmis-
sion. 
5.4 Measurement Procedure 
The importance of the operational procedure lies in the reduction of uncertainties that affect 
the composition and value of the final concentration of the gas in the chamber. Gas mixing is 
a main factor involved in the process since it determines the gas flows and thus the gas 
concentrations. Another important issue is the measurement cycle, because it ensures the 
quality and comparability of several measurements. In the following, these aspects are ex-
plained more in detail. 
5.4.1 Gas Mixing 
The gas composition in the measurement chamber determines the dynamics of the sensor 
reaction. In the following, the prefabricated mixture of the analyte diluted in the carrier gas 
(nitrogen) is referred to as test gas. Prefabricated gas mixtures in bottles were purchased 
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The adjustment of a certain gas concentration is carried out by assembling the volume part 
of the test gas to the whole gas flow, see Fig. 5.8. One test gas flow gastestV

 is mixed with 
one carrier gas flow for dilution gascarrierV

 resulting in a constant total flow totalV

, which is 
the sum flow through the sensor chamber. 
 
Fig. 5.8: Schema of the gas mixing method. The combination of two single gas flows leads to one 
total gas flow. 
 
The gas is diluted with the carrier gas (nitrogen). Using the concentration of the test gas in 
the bottle Ctest gas, the concentration set-point of the analyte CAnalyte of the total gas flow can 









 .                     (5.1) 
For varying the analyte concentration, the flow rate of the test gas has to be adjusted ac-
cording to equation 5.1. This is done by MFCs, which keep the required gas flow at a con-
stant level. Aiming at high accuracy in the attainable gas concentrations, two different cali-
brated MFCs were used. The MFC for the carrier gas has a maximum flow rate of 2 l/min. 
The second MFC for the test gas covers a flow range of 0.2-20 ml/min. The accuracy of the 
MFCs is specified to be better than 1% related to the maximum flow and are calibrated and 
certified by the manufacturer. During the measurement a constant total flow rate with a de-
sired analyte concentration is preferable. A constant gas flow prevents any distortion of the 
measurement due to changing time constants for gas exchange, forced cooling of heated 
sensors, and other flow-dependent effects [266]. For experiments in this work a constant 
carrier gas flow of 2 l/min is used. The flow rate of the test gas was varied according to the 
required analyte concentration. For example, if the test gas has an analyte concentration of 
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flow rate of 2 ml/min must be adjusted. The total flow is thus slightly higher than the carrier 
gas flow, but this does not affect the sensor reaction (see section 6.3). 
Using a constant total flow rate 

V of 2 l/min, the chamber volume Vchamber being 0.8 cm³, and 








 3 .                      (5.2) 
Thus, it takes less than 1 s until a new steady-state gas concentration is established after a 
change has been set, which is very fast compared to systems known from the literature 
[266, 271]. Taking into account the whole volume between the two MFCs and the chamber, 
the purging time is ~2 s. 
5.4.2 Gas Measurement Protocol 
Measurements of different analyte concentrations are carried out in the sensor chamber 
with the following sensor operating mode. A constant voltage and gas flow are applied to 
the sensors and the sensor signal (current) is measured by a Keithley SourceMeter. Meas-
urements are controlled by a PC that sends the set-points to the peripheral components and 
receives the measured data. At the beginning of a new measurement cycle, purging pro-
cesses are necessary for the MFCs and tube cleaning, which need at least 20 min. Each 
measurement run proceeds in a similar way. Firstly, purging with nitrogen of variable dura-
tion is conducted before each measurement and after each concentration ramp to ensure 
stable experimental conditions. A normal measurement cycle includes many concentration 
repetitions and variations with rising and decreasing gas concentrations in order to investi-
gate recovery effects and the reproducibility (Fig. 5.9). The duration of each concentration 
step depends on the sensor and the sensor properties to be measured. 




Fig. 5.9: Characteristic process steps of gas measurements with several measurement cycles. 
5.5 Summary 
This chapter began with an overview over the state of the art of gas measurement cham-
bers. The subsequent elaborated requirements for such systems formed the basis for the 
design of the gas measurement system. The developed apparatus is composed of four 
parts: the gas delivery system, the gas exposure chamber, the read-out electronics, and the 
temperature control, which are described in detail. The advantages of the designed meas-
urement system can be summarized as follows. Up to four sensors can be measured quasi-
simultaneously. The apparatus enables the heating of the sensors and moreover the sensors 
are heated uniformly over the entire surface. As a result a temperature gradient is avoided. 
The gas flow is uniform over all sensors. A low dead volume of the chamber (approximately 
0.8 cm³) ensures a fast gas exchange. The back diffusion of gases in the chamber is pre-
vented by a long pipe used for the gas outlet. The sensor installation and removal is easily 
performed, because the system can move in a horizontal position and through the spring 
contact pins no material integrated bond is necessary. The system is suitable for low gas 
concentrations, as a diffusion of the gas in the environment is prevented through the stain-
less steel construction. The last part of this chapter discussed the realization of the concen-
tration variation, which is achieved via the flow rate adjustment of the test gas, whereas the 
carrier gas flow remains constant. This is implemented through MFCs. The established gas 
measurement protocol shows that purging and several measurement cycles are necessary 
to study the behavior of the sensors. 
6 Characterization of Silicon Nanowire based Sensors 
83 
 
6 Characterization of Silicon Nanowire based Sensors 
Silicon nanowires are unique candidates for the fabrication of gas sensing devices due to 
their high surface-to-volume ratio, well wettability and chemisorption properties as well as 
established growth techniques, biocompatibility and controllable physical and electrical prop-
erties [274]. Here, the performance of SiNW based devices for the detection of ammonia is 
investigated. At the beginning, the fabricated devices are electrical characterized. Subse-
quently, requirements on gas sensors are defined, which hereinafter serve as basis for con-
ducted measurements. For that, the most important sensor characteristics are selected with 
respect to the application area and the current status of research. The investigated sensors 
can be classified into devices based on silicon nanowires with a native oxide shell and those 
with a thermally grown oxide layer. Firstly, the sensing behavior of native oxide shell SiNW 
sensors is studied towards ammonia under the following aspects: drift, response and recov-
ery time, repeatability, calibration curve, limit of detection, effect of humidity, influence of 
temperature, selectivity, sensor-to-sensor reproducibility, and long-term stability. Secondly, 
investigations on devices with thermally grown oxide shell SiNWs are carried out including 
NH3 detection measurements as well as relative humidity and temperature variations. Finally, 
the results of the two types of sensors are compared and summarized in order to derive 
possible future research activities. 
6.1 Electrical Characterization of the Sensors 
Before gas measurements were carried out, the electrical properties of the fabricated SiNW 
based FETs were measured in ambient air. The measurements were conducted at the tip-
probe station described in section 3.2. Measuring needles of tungsten were used for con-
tacting and applying the drain-source voltage VDS to the substrates, which could be posi-
tioned with micropositioners. The needles and the electrically contactable sample holder 
(chuck) were connected by triaxial cables with a measuring system from Keithley (2604B 
SourceMeter). The chips were vacuum force fitted to the chuck, which was used to regulate 
the back gate potential VG during measurements. The measuring needles were connected to 
the source and drain contact pads of the sensors for measurements. 
The substrates were degenerately doped (p/boron < 0.005 Ωcm) to minimize the space 
charge region under the back gate oxide and resulting serial capacitance. The 400 nm ther-
mal SiO2 layer acted as gate dielectric. All sensors were used as back gate (G) devices with 
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an electrode distance of 6 µm, which was found out in a previous work to show best results 
[240]. Such a sensor with source (S)-drain (D)-contacts is schematically illustrated in Fig. 6.1. 
 
Fig. 6.1: Schematic representation of a nanowire sensor with nickel silicide contacts. 
 
To determine the electrical characteristics, the measurement of the transfer characteristic 
was performed. In a transistor, the electric field can be generated by applying a voltage 
across an active region between the source and drain electrode, whereby a directed charge 
carrier motion and thus a drain-source current IDS is created. Due to the influence of a gate 
potential to the channel region, the electric field can be varied along the channel direction, 
thereby changing the current density. By keeping the voltage between the source and drain 
electrode constant, in this way the current flow between the contacts is changed. In a tran-
sistor, this correlation is described by the transfer characteristic. With the dependence of the 
current flow between source and drain electrode on the gate voltage, as IDS = f (VG ), this 
represents the most important characteristic for the characterization of a FET. Fig. 6.2 shows 
the transfer characteristic (IDS –VG ) at VDS = 0.25 V in semi logarithmic representation of a 
nanowire transistor with back gate. Voltages were always applied in step functions and cor-
responding gate currents were recorded during measurements. The drain-source current 
was measured by sweeping the back gate voltage from -20 V to 20 V and back to -20 V. The 
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Fig. 6.2: Transfer characteristics of typical SiNW based sensors (recorded for VDS = 0.25 V). Source-
drain current IDS versus gate voltage Vg of thermally grown oxide shell nanowire parallel array devices 
on 400 nm SiO2 back gate oxide (red) and nanowire parallel arrays with native oxide on 400 nm SiO2 
back gate oxide (blue). The course of the curve is indicated by arrows. 
 
First, the transfer characteristic of the device based on nanowires with a native SiO2 shell is 
discussed. The characteristic curve shows hysteresis. The reason of this hysteresis is the 
presence of charge carrier traps on the wire surface, in the native oxide, and at the Si / oxide 
interface. While the drain-source current increases for negative voltages, it is not increment-
ed for positive voltages. Thus, the sensor exhibits unipolar p‐type behavior. This is typically 
for intrinsic nanowires with a native oxide shell as already observed for single nanowire de-
vices [255]. 
The characteristic curve of the device with thermally grown SiO2 shell nanowires shows an 
ambipolar behavior. For the current transport both electrons and holes are thus involved. The 
higher current level at negative gate voltages is mainly due to a lower barrier height for holes 
with φB,p = 0.46 eV compared to φB,n = 0.66 eV in the contact of NiSi2 with Si [275], resulting 
in higher thermionic and tunneling currents according to the charge carrier transport through 
the Schottky barriers (see section 2.5.2). 
Gate-source current (IG ), equivalent to gate leakage current, was also measured as shown in 
Fig. 6.3. Gate leakage currents were in the order of 10-10 A for NWs with a native SiO2 shell 
and 10-9 A for NWs with a thermally grown SiO2 shell, respectively. From these results, it 
was verified that IDS of the FETs is controllable using the back gate at a gate voltage below 
20 V. 
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Fig. 6.3: Gate current IG in dependence of gate voltage VG for devices based on (a) NWs with a native 
SiO2 shell and (b) NWs with a thermally grown SiO2 shell. 
6.2 Sensor Requirements and Typical Diagrams of Gas Sensing 
A gas sensor must meet certain requirements in order to determine its quality. Those re-
quirements are very differentiated. The wide variety of applications (see also section 2.6.2), 
according to the respective conditions of use, requires solutions tailored to the measuring 
task. Gas detectors for industrial use as security products have to fulfill further requirements 
in addition to the legal requirements (explosion protection, electromagnetic compatibility) so 
that even under harsh conditions the sensor quality and the reliability is ensured. Table 6.1 
gives an overview of requirements that determine the quality of a sensor. Aspects highlight-
ed in green are relevant for the sensors studied in this work. The subsequent analysis is 
based on these requirements, which are explained in the respective evaluation paragraph. 
The most important sensor properties were discussed in detail in section 2.3. 
The listed requirements describe both the static and the dynamic behavior of a sensor. The 
static behavior shows the relationship between the input variable and the output variable in 
the steady state. The dynamic behavior describes the relationship between an input variable 
change and the output variable change as a function of time. Most of the mentioned charac-
teristics are static: limit of detection, linearity, measurement range dynamics, precision, sen-
sitivity, accuracy, repeatability, reproducibility, resolution, cross sensitivity, air pressure, se-
lectivity, temperature, humidity, contamination, hysteresis, overflow, but there are also dy-
namic properties that are investigated within this work: drift (span, zero), response time, 
recovery time, warm-up period, and lifetime. 
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Table 6.1: Requirements on gas sensors. 
Sensor quality Requirements 
Use 
Continuous/ discontinuous measurement, analyte diver-
sity, multi gas measurement, matrix 
Qualitative measurement Molecule identification, identification of functional groups 
Quantitative measurement Limit of detection, linearity, measurement range dynam-
ics, precision, sensitivity, accuracy, drift (span, zero), 
repeatability, reproducibility 
Measuring time Response time, recovery time, warm-up period 
Operation Maintenance, calibration, haptics, handling, cleaning 
On-site measurement Size, weight, energy demand, auxiliary material 
Safety Damage protection, irradiation, hygiene, material 
Robustness Wind speed, light, chemical/mechanical stability, elec-
tromagnetic radiation, dust, salt test, temperature, 
splash water 
Reliability Resolution, cross sensitivity, air pressure, selectivity, 
temperature, humidity, contamination, hysteresis, over-
flow, lifetime 
Protectability (IP) Licenses, exclusive market rights 
Integrability Size, interface, energy demand, auxiliary material 
Costs Purchase price, operating costs, usage costs, recycling 
IP: intellectual property 
 
In order to analyze the different sensor characteristics, experiments must be conducted that 
examine both types of behaviors and appropriate diagrams have to be recorded. Therefore, 
different types of charts are used in this work. Fig. 6.4 shows the two modes in which the 
sensors were operated. In order to get a first impression of the sensing behavior, the re-
sistance change of the devices under NH3 exposure was determined by applying a constant 
voltage and measuring the current (Fig. 6.4a and b). Additionally, the samples were operated 
as FETs, so the sensing mechanism could be examined in more detail (Fig. 6.4c–e). Dia-
grams, where the drain-source current in dependence of the gate voltage is shown, allow 
conclusions on the static sensor behavior, whereas the threshold voltage shift versus time 
diagrams were used for dynamic sensor investigations.  




Fig. 6.4: Operating principles for SiNW based gas sensors and recorded sensor signals. (a) Electrical 
circuit for measuring the sensor resistance. (b) ΔR/R0 –t diagram for measuring the resistance change 
under NH3 exposure. (c) Electrical circuit for driving the nanowire FET. (d) IDS –VG diagram for observing 
the influences of NH3 on the transfer characteristic (static sensor behavior). (e) ΔVth –t diagram for 
investigating the changes of the threshold voltage Vth under NH3 exposure (dynamic sensor behavior). 
6.3 Resistance Response of the Devices towards Ammonia 
The sensing performances of native oxide SiNWs based resistors were evaluated by apply-
ing a constant voltage of 0.1 V across the electrodes and monitoring the change in current 
upon exposure to NH3 using a Keithley 2602. Resistance values were then reported as func-
tion of time for devices under exposure to NH3. The sensing response ΔR /R0 (%) was calcu-
lated by observing the normalized difference in current before (I0) and after (I ) the exposure 
to the analyte: ΔR /R0 (%) = [ (I – I0 ) / I0 ] × 100. The measurements were carried out at room 
temperature. The devices were put inside the chamber through which the gas flowed, as 
shown in Fig. 5.1.  Prior to measurements, the influence of flow rate variations on the sen-
sor signal was investigated (Fig. 6.5a). This was necessary, because small changes of the 
total flow rate could not be avoided when NH3 was introduced to the carrier gas flow. In or-
der to find out if these flow rate differences affect the signal, the resistance response in 
dependence of the flow rate variation of N2 was recorded. For that the total flow rate was 
changed by 2, 1, and 0.2 l/min for 60 s followed by 60 s recovery under a constant flow of N2 
for five times. Each response represents the average change in resistance from one device 
for five repetitions (Fig. 6.5b). With an increasing change of the flow rate the response in-
creased. This is attributed to the corresponding temperature change of the sensor environ-
ment, which affects the signal, see section 6.5.6. For the minimum flow variation of 
0.2 l/min a mean value of the response of just 0.007 % was determined. The maximum total 
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flow rate variation in this work was 0.01 l/min for a NH3 concentration of 50 ppm. This value 
was more than one order of magnitude lower than the minimum flow rate change of 
0.2 l/min proving that the flow rate variation under exposure to NH3 had no influence on the 
sensor signal. 
   
Fig. 6.5: Response towards N2 flow rate change of 2, 1, and 0.2 l/min. (a) Change in resistance with 
time of a device to which flow rate variations were applied. (b) Quantitative comparison of the sensor 
response towards flow rate changes. Vertical error bars represent standard deviation from the mean 
value based on five cycles. 
 
All sensors were exposed to different NH3 concentrations of 20, 10, 5, 2.5, 1, and 0.5 ppm 
diluted by N2 for 90 s followed by 210 s recovery under a constant flow of N2. This was done 
five times for each concentration, respectively. The concentrations of NH3 for this experi-
ment were chosen to be sufficiently high to obtain a measureable response from the SiNW 
devices. The sensing responses of these resistors to NH3 exposure are presented in func-
tion of time in Fig. 6.6a. For each NH3 concentration sensing response values of four differ-
ent devices are summed up in Fig. 6.6b. The electrical resistance decreased under NH3 ex-
posure and with increasing concentrations this effect increased. 
Upon exposure to NH3 cycling tests, time dependence change of the electrical resistance is 
found to indicate a quasi-reversible trend. The resistance decreases, because NH3 species 
act as donor of electrons at the SiNWs surface [20]. The adsorbed NH3 molecules transfer 
electrons to the SiNWs crystal core. This induces significant changes in the carriers transport 
along the NWs and thus in the electrical resistance of the SiNWs. It is known that the 
SiNWs conductance can be modulated by an applied voltage [20]. Positively charged gas 
molecules (electron donors) bound to the SiNWs surface can modulate their conductance by 
changing the volume of the conductive layer. In this case, NH3 may act as chemical gate. 
This means that the Fermi level of the SiNWs is shifted reducing the sample electrical re-
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sistance. In order to investigate the NH3 sensing mechanism of the SiNW based sensors in 
more detail, the devices were operated in the following as FETs. 
    
Fig. 6.6: Sensing response of SiNW based resistors to 20, 10, 5, 2.5, 1, and 0.5 ppm NH3. (a) Re-
sistance variations versus time under NH3 exposure for concentrations from 20–0.5 ppm and five 
cycles for each concentration. (b) Average responses from four different devices each. 
6.4 Measurements at the Drägerwerk AG & Co. KGaA 
The designed measurement system did not allow operating the SiNW based sensors as 
FETs. This was however required to find out more about the detection mechanism and the 
influence of NH3 on the sensor. Thus, a measuring apparatus of the Drägerwerk AG & Co. 
KGaA in Lübeck was used. This setup additionally enabled measurements with varied hu-
midity and temperature conditions as well as interference measurements. The structure of 
the system is schematically shown in Fig. 6.7. The read-out electronics included a Keithley 
and a computer with a custom made program implemented in MATLAB as introduced in 
section 5.3.3. Instead of nitrogen as carrier gas, dried ambient air was used with a composi-
tion as shown in Fig. 1.2 making the measurements closer to reality. Ammonium carbonate 
((NH4)2CO3) was placed within a permeation tube and heated up to 50 °C inside a permeation 
chamber. Ammonia was released according to the following reactive formula: 
   22334 OCOHHN2OCHN .                   (6.1) 
The present concentration was determined by a Chip Measurement System (CMS, Dräger), 
which was connected to the three-way valve before the gas outlet. The total flow to the 
sensor consisted of two flows (moistened air and dry air flow), when the sensor was not 
exposed to NH3, and three flows (moistened air, dry air, and NH3 containing dry air) when the 
sensor was exposed to NH3. Each flow rate was regulated by a MFC. The total flow rate was 
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always kept constant by reducing the flow rate of the dry air flow by a certain value, when 
the NH3 containing flow was supplied with same flow rate. This ensured that the sensor 
signal was not influenced by flow variations. The flow including NH3 from the permeation 
chamber to the sensor was always kept constant at 200 ml/min. NH3 concentrations were 
changed by adjusting the flow rate of the total flow. After applying another total flow rate, 
the signal had to become stable again before measurements were conducted. For a concen-
tration of 680 ppb NH3, the total flow was 1000 ml/min. The relative humidity (RH) level was 
varied by the ratio between the volumetric humid carrier gas flow and total flow. The humid 
carrier gas was saturated with water vapor in a glass bubbler, which was temperature regu-
lated. Through a Dew Master chilled mirror hygrometer (Edgetech Instruments), the relative 
humidity was controlled. Temperature changes were realized through the furnace, which 
had an integrated temperature control. 
 
Fig. 6.7: Schematic structure of the measuring apparatus at the Drägerwerk AG & Co. KGaA. 
 
The chips were mounted into the furnace by means of a specially constructed device, which 
is depicted in Fig. 6.8. So, the same sensor design as presented in section 4.3 could be used 
and only the blank zone had to be removed. The cylinder with a diameter of 2 cm served as 
the sample holder and was made of poly(methyl methacrylate) (PMMA). Via three contact 
pins, which were connected with BNC cables to the Keithley, the electrical contacting of the 
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sensors was carried out. To ensure a good electrical connection, the contact pins were addi-
tionally glued to the substrate by conductive silver lacquer. 
  
Fig. 6.8: PMMA adapter and sample holder (a) Top view of the sensor inside the sample holder. 
(b) Side view of the PMMA adapter connected to the component through which the gas flow took 
place. 
6.5 Gas Sensing Performance of Native Oxide Shell Silicon Nanowires 
A FET based structure with back gate was used to evaluate the sensing performance of 
SiNWs with a native grown oxide shell. Layer-by-layer growth of native oxide occurred on 
the SiNWs surface in air, which produced a rough native oxide film surface with a thickness 
of around 1 nm [162, 257]. The IDS –VG  characteristics and hysteresis of the devices was in-
vestigated under the influence of ammonia. The drain-source current was measured at 
VDS = 0.25 V by sweeping VG from -4 to +4 V at a controlled temperature of 25 °C and a rela-
tive humidity of 17.5 %, if not stated otherwise. The gate voltage was swept from 0 V to 
+4 V to -4 V and back to 0 V. The concentration of NH3 was kept constant at 680 ppb except 
for investigations of the limit of detection and calibration curve, where a variation of the con-
centration was required.  
The threshold voltage shift ΔVth, as the measured quantity, is defined as sensor signal. The 
change of Vth allows getting information about the dynamic sensor behavior over a specific 
period of time. If the curves are shifted on the gate voltage axis, the shape of the graphs can 
be assumed to be equal. The shift IDS (VG, ti ) and IDS (VG, tj ) can be found by fitting the mean 
squared displacement of the shifted curves MSDij (Δ) =〈[ pIDS (VG, tj  ) –   pIDS (VG, ti  )] 
2 〉
using a parabolic function [276]. The minimum of the fitted function determines the shift of 
the threshold voltage between the curves, ΔVth. The hysteresis is defined as Vth,up – Vth,down, 
where Vth,up is Vth in the gate voltage range from -4 V to +4 V and Vth,down is Vth in the gate volt-
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6.5.1 Drift Investigation 
Sensor drift is often referred to as currently the most challenging problem in gas sensing 
[277, 278]. This phenomenon is one of the most serious impairments of the application of 
electronic noses. Drift is an undesired change in output that is not a function of the measur-
and over a specified time with fixed input and operation conditions. It can be classified into 
two types: zero drift and span drift. The signal level may vary from its starting value (zero 
value) when the sensor works. This is referred to as zero drift. Thus, it introduces an error 
into the measurement equal to the amount of variation. Zero drift may result from changes 
of temperature, electronics stabilizing, and aging of the transducer or electronic compo-
nents. Span drift refers to degradation of sensor output over time with respect to a continu-
ous, constant concentration of target gas.  
 
Zero drift 
Zero drift was determined by exposing the sensor only to the carrier gas without NH3, which 
was dry air, and measuring the threshold voltage drift ΔVth for 3 h. Vth drift was recorded by 
applying a constant drain-source voltage of 0.25 V and a gate voltage of -4 – +4 V. IDS was 
continuously recorded. It was observed that the threshold voltage is continuously shifted 
towards positive VG. The signal drift value was measured to be 23 mV/h in average, which is 
consistent with drift values of other silicon nanowire based sensors [279]. Vth drift is stable 
for a continuous flow of dry air as can be seen in Fig. 6.9. 
  
Fig. 6.9: Threshold voltage drift over a period of 3 h. (a) Drain-source current in dependence of the 
gate voltage in the range of -4 – +4 V. The curves are shifted to positive VG over time and the hystere-
sis does not change. (b) Magnified detail of the VG –IDS curves in the range of 3.0–3.6 V. For reasons of 
clarity the IDS,up  and IDS,down  values were averaged. The grey arrow indicates the shift direction of Vth. 
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It is difficult to identify the cause of drift, which could be either a surface, a bulk effect, or 
both. The phenomenon can be caused by local heating of the sensor element and surround-
ing air at the surface due to power dissipation. The temperature dependency of the devices 
will be discussed in section 6.5.6 and supports this assumption. Several further mechanisms 
for the drifting phenomenon have been proposed in the literature, like slow surface effects, 
such as hydration of the SiO2 surface [280], variation of the surface state density at the 
Si / SiO2 interface [281], surface exchange reaction and chemical diffusion of oxygen leading 
to changes in oxygen defect concentration [282], and field-induced migration, which appears 
due to changes in the space charge potential upon gas adsorption. This causes the charged 




Span drift was investigated after the sensor response reached saturation during exposure to 
a continuous, constant concentration of NH3. It was observed that the signal shows the 
same drift behavior as for zero drift. 
6.5.2 Response and Recovery Time 
The response time τ90 is defined as the time required for the signal to reach 90 % of the 
equilibrium value after NH3 was injected. The recovery time is the time interval over which 
the sensor signal reduces to a certain percentage of the saturation value when the sensor is 
exposed to a specific concentration of NH3 and then purged with dry air. In this work for all 
investigations related to NH3 a recovery time referred to as τ50 is used, which means that the 
signal recovers to 50 % of the reached saturation value upon NH3. The reason is that the 
recovery time of the sensors after NH3 exposure was very long. For all other analyses, which 
comprise humidity and temperature studies without NH3 influence, a recovery time referred 
to τ10 is used, which means that the signal reduces to 10 % of the response. This was ena-
bled through the much faster recovery after those interfering influences. So the results re-
main comparable. 
To determine the response and recovery time, a sensor based on undoped SiNWs was ex-
posed to 680 ppb NH3 at room temperature with a relative humidity of 17.5 % and its 
threshold voltage shift ΔVth as a function of time was recorded and is shown in Fig. 6.10a. 
The response and recovery time of the sensing response towards other NH3 concentrations 
are shown in section 6.5.4. When a sensor was exposed to NH3, the threshold voltage ab-
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ruptly decreased and then slowly reached a relatively stable value. The response time of the 
devices upon exposure to NH3 was around 44 min. When the gas flow was switched to air, 
the threshold voltage promptly increased and very slowly reached a relatively stable value. It 
is assumed that the signal recovers completely, which can be seen in Fig. 6.11a. The recov-
ery time of the sensor with NH3 was about 73 min. This suggests slow molecular desorption 
from the nanowire sample and that the sensor can be reversibly used. The results are com-
parable to other published response and recovery times of SiNW based NH3 sensors, where 
a recovery time of 5 h was reported [19]. For sensors based on Te-modified SiNWs much 
shorter response and recovery times are demonstrated in the literature with 5 and 8 s, re-
spectively [27]. 
 
Fig. 6.10: Response and recovery time of the sensors for different NH3 concentrations. (a) Exemplary 
determination of the response and recovery time of a sensor with a NH3 exposure of 680 ppb. (b) VG –
IDS characteristics after NH3 exposure with an incomplete recovery in comparison to the curves after 
purging with air for 15 h and after heating at 60 °C for 30 min. 
 
The slow response time of the sensor can be attributed to the hydrogen bond between NH3 
and the SiNW surface (section 2.5.4) [21, 161]. Due to the long response and recovery peri-
od, a strong hydrogen bond is assumed. This type of bond is an electrostatic dipole-dipole 
interaction, which is directional. Therefore, molecules must be positioned at a certain angle 
to each other, so that an interaction between the gas molecules and the surface occurs. The 
probability that the molecules impinge at the correct angle is small. This explains the long 
response time. The strong bonding between NH3 molecules and the SiNWs requires a long 
time to desorb and it causes the slow recovery of the SiNW based sensor. The interaction 
time τ of given species strongly depends on the interaction energy between the gaseous 
molecule and the surface material via 
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 e0                        (6.2) 
with R being the universal gas constant, T  the temperature, and τ0 a constant. This formula 
is referred to as Frenkel equation. 
As known, chemical sensing at room temperature is hardly reversible, because the thermal 
energy is usually lower than the activation energy for desorption. This leads to a long recov-
ery time, which can be seen from Fig. 6.10a, where the threshold voltage of the sensor after 
the exposure to NH3 does not recover (or it takes several hours) to the initial value due to the 
presence of adsorbed gas molecules on the surface of silicon nanowires. The dependence 
of the interaction of gas-solid type is usually analyzed as function of temperature, since the 
interaction time is strongly depending on this parameter, see equation (6.2). That is why, the 
heating of the sensor was tested to desorb the gas species from the surface. The sensor 
was placed inside a furnace (Fig. 6.7) and therefore could be heated easily. However, ac-
cording to previous experiments, it was required to avoid operating the sensors at elevated 
temperatures ( ≥ 60 °C ), since the electrical contacting was not designed for that. When the 
sensor was heated up to 60 °C, the signal became very noisy. This was attributed to the 
different thermal expansion coefficients of the used materials. The contact pins were made 
of copper, where a piece of silver was attached. This was connected to the nickel electrodes 
by silver conductive paint (Fig. 6.8). Thus, the heating of the sensor was carried out without 
electrical connection. To avoid the destruction of the electrics inside the furnace, the sen-
sors were only heated up to 60 °C. 
Fig. 6.10b shows three different IDS –VG curves after exposure to NH3 with a concentration of 
680 ppb for 80 min. The green one was recorded after 2 h of purging with dry air. The blue 
graph was measured after purging the sensor overnight and the red curve illustrates the 
drain-source current after heating up the sensor at 60 °C for 30 min. A comparison of the 
three IDS –VG curves shows that the curve after heating of the sensor is most shifted to a 
positive voltage and the hysteresis is reduced compared to the signals without heating. The 
drastically reduction of the hysteresis by heating is discussed in detail in section 6.5.6. Thus, 
subsequent heating up the exposed sample in air to a temperature of 60 °C for 30 min led to 
a full recovery of the signal and the recovery time can be reduced by several hours. 












fKr aa exp ,                     (6.3) 












fKr dd exp''  ,                     (6.4) 
where ra and rd are the rate of adsorption and desorption, respectively; K and K’ are the ad-
sorption or desorption rate constant, respectively; θ is the fraction of the surface occupan-
cy; and Ea and Ed are the activation energy of adsorption and desorption, respectively. f (θ) 
is a function related to the surface vacancy (1−θ). f’ (θ) on the other hand is a function of 
the surface occupancy (θ). Based on the above equations, ra increases with a higher gase-
ous pressure and fraction of the surface vacancy and reduces with increasing adsorption 
activation energy. rd increases with an increase of the temperature and an increase of the 
fraction of the surface covered, whereas it reduces with increasing desorption activation 
energy. As a result, heating is favorable for desorption, thus enhancing the recovery of the 
sensors.  
The response and recovery time of the SiNW based sensors were very long at room tem-
perature and a relative humidity of 17.5 %. A long response time until a saturation value is 
reached and long recovery period needed after each NH3 exposure are not practical for some 
sensing devices like e-noses, and severely restricts their usage in applications where the gas 
concentrations may change rapidly or a fast signal is required, like for disease diagnosis or 
gas alarm in occupational health and safety applications. It was shown that the recovery time 
can be enhanced by heating the sensor, but this required additional power consumption, 
which is particularly adversely in small and portable devices, where no space for a large bat-
tery exists and a low weight is essential. 
The response and recovery time with and without exposure to NH3 are not only influenced 
by the temperature, but also by the relative humidity in the ambient environment. This is 
discussed in detail in sections 6.5.5 and 6.5.6. Another common method to enhance the 
response and recovery time of nanowire based sensors is to implement a UV irradiation pro-
cedure to facilitate desorption of gas species on the surface. It was reported in the literature 
that the recovery time of UV radiated nanosensors is much shorter than that of nonradiated 
sensors [285]. This can be explained by equation (6.4). Irradiation with UV light reduces the 
desorption activation energy, which is plausible for recovery of the gas sensors. Fan et al. 
demonstrated the refresh of nanowire NH3 sensors using a large gate voltage [286]. The 
minimum gate “refresh” voltage was determined to be concentration dependent. For in-
stance, the “refresh” voltage for 1 % NH3 is -30 V for a pulse duration of 60 s. However, the 
concrete recovery times are not reported. The two additional described approaches for fast-
er signal recovery were not pursued in this work. 




Repeatability is the sensor`s ability to exhibit the same response for successive measure-
ments of the same gas at a consistent concentration, when all operating and environmental 
conditions remain constant. Fig. 6.11 shows the sensor repeatability characteristic curves in 
NH3. Three measurements at room temperature with a NH3 concentration of 680 ppb and a 
relative humidity of 17.5 % were carried out. The sensor was exposed for 80 min and the 
recovery was recorded for 2 h. The first measurement started from the baseline, which is 
referred to as ① air in Fig. 6.11a. After signal saturation the curve named ② 680 ppb NH3 
was measured. The IDS –VG characteristics of the recovery after 2 h (③) is also depicted. The 
second measurement began immediately after the 2 h recovery of the first measurement. It 
can be seen that after the 80 min of NH3 exposure, the graph is very close to the curve of 
the first measurement. The third measurement was conducted after the full recovery of the 
signal. For this, the sensor was purged overnight with dry air. The respective graphs are very 
close to the previous ones, i.e. the sensor has a good repeatability (Fig. 6.11a). 
 
Fig. 6.11: Sensor repeatability. (a) Output characteristics of a SiNW based sensor before, during and 
after 680 ppb NH3 exposure. (b) ΔVth over time of the measurements in (a). 
 
The threshold voltage shift versus time is shown in Fig. 6.11b. The lower sensing response 
of the second measurement compared to the other two measurements is attributed to the 
incomplete recovery of the sensor after the first exposure to NH3. To compare the maximum 
signal change, the Vth value of the first measurement at 200 s has to be added, since this is 
the missing recovery. 
Repeatability is determined by calculating the standard deviation of the three consecutive 
averaging sensing responses. A standard deviation of ± 0.25 V is determined, which corre-
sponds to a repeatability of around ± 10 % for a mean value of ΔVth = -2.55 V (Fig. 6.12a). 
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This is a good value for concentrations in the ppb range. A repeatability of ± 30 % is permit-
ted for measurements of hazardous workplace atmospheres according to TRGS 402 and 
DIN EN 482. For response τ90 and recovery time τ50, values of 44 min ± 0.01 min and 66 min 
± 10 min were determined, respectively (Fig. 6.12b and c). For this, only the values of the 
first and third measurement were used.  
                     
Fig. 6.12: Sensor repeatability determined from three consecutive measurements of 680 ppb NH3. (a) 
Repeatability of the threshold voltage shift. (b) Repeatability of the response time, which is very high, 
so that no error bar is visible. (c) Repeatability of the recovery time. 
6.5.4 Calibration Curve and Limit of Detection 
A sequence of NH3 exposures of the SiNW based sensor is shown in Fig. 6.13. The diagram 
of ΔVth over time can be found in Fig. A.1 in the appendix. During the exposures to NH3 in 
the concentration range from 680 ppb to 170 ppb, the relative humidity and the temperature 
were kept constant at 57 % and 25 °C, respectively. The higher relative humidity was cho-
sen, because it is closer to reality and the response time is faster (see section 6.5.5). How-
ever, it should be noted that the signal intensity decreases with increasing relative humidity 
and that with a lower relative humidity even higher sensor responses can be achieved. This 
effect is investigated and analyzed in section 6.5.5. It was found that the response of the 
sensor was 165 % when exposing to 170 ppb NH3. 
The measured IDS –VG characteristics in Fig. 6.13 shows that in the case of NH3 the IDS value 
at -4 V and 4 V in VG were 4.44 · 10
-4 A and 2.63 · 10-4 A, respectively, whereas 3.37 · 10-4 A 
and 2.56 · 10-4 A in 680 ppb of NH3. As the concentration increased, the drain-source current 
decreased in lower voltage than the VG for the minimum value of the IDS. In other words, the 
unipolar IDS –VG curve shifted negatively. Moreover, another effect was observed. The IDS –VG 
graph additionally decreased over the entire voltage range according to the concentration 
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Fig. 6.13: Change of the IDS –VG characteristics under exposure to different NH3 concentrations at 
57 % RH and 25 °C. (a) IDS –VG characteristics in various concentrations of NH3. With higher concentra-
tions, the transfer characteristic is negatively shifted and decreased indicated by arrows. (b) Drain-
source currents for a NH3 concentration of 680 ppb in a gate sweep measurement as a function of 
gate voltage and time.  
 
The negative shift caused by NH3 gas can be attributed to changes in the presence of charge 
carrier traps. Charge can be captured during device operation. This phenomenon is referred 
to as charge trapping and may shift Vth permanently or for a limited period. The common 
types of charge traps comprise SiO2 / Si interface trapped charges due to the interruption of 
the periodic Si lattice structure and oxide-trapped space charge associated with defects in 
SiO2 [287]. Charge traps due to water are reported in section 6.5.5 and in literature for 
MOSFETs without passivation [288]. Charge can be injected into localized energy states via 
tunneling or thermally. The occupation/vacation rate of trap states depends on the tunneling 
distance and the activation energy [289]. Charge can be trapped either deeply in the oxide, 
which is often not easily released and exhibits a large retention time, or directly at the 
Si / SiO2 interface, where charge carriers are easily trapped and released making this trap-
ping reversible. Latter are called interface trap charges and can reduce device performance. 
Their impact on Vth is large, since they are close to the conduction channel. 
In the absence of NH3, traps are filled by electrons from SiNWs. The electron transfer from 
the NWs into the oxide traps leads to a depletion of mobile electrons at the surface of 
SiNWs. As shown in Fig. 6.2, the sensor based on NWs with a native oxide shell exhibits 
unipolar p‐type behavior, which leads to a hole enhancement in the NW and the energy band 
at the Si / SiO2 interface bends upwards (Fig. 2.13b). Upon adsorption of NH3 an electron is 
donated to the system. This is due to the Lewis structure of NH3, which shows an electron 
lone pair [162]. Thus, an additional way of providing electrons is established. Consequently, 
electrons are donated from the NH3 molecules rather than from the Si surface resulting in a 
decrease of the energy band bending at the Si / SiO2 interface (Fig. 2.13b). For the p-type 
























































6 Characterization of Silicon Nanowire based Sensors 
101 
 
transfer characteristics this indicates that NH3 molecules transfer negative charge to SiNWs 
leading to the negative shift of ΔVth (Fig. 6.13a). 
It was already mentioned that the reason of hysteresis is the presence of charge carrier 
traps and that those are affected by NH3 adsorption. This can be clearly seen in Fig. 6.14a, 
where exemplary hysteresis curves as function of time are plotted under influence of three 
different NH3 concentrations. When NH3 was turned on and thus adsorbed on the SiNW 
surface, an abrupt increase in hysteresis took place. Such a sudden change in hysteresis 
also appeared, when NH3 was switched off. Fig. 6.14b shows that the magnitude of hyste-
resis change for all six measured NH3 concentrations between 680 and 170 ppb, when NH3 
was turned on and off. With increasing concentration, the change of the hysteresis in-
creased (except the values for 680 ppb NH3). This change happened very quickly within a 
few seconds, so that this results in a completely new possibility of fast NH3 detection by 
measuring the change in hysteresis. However, for a NH3 concentration of 170 ppb the limit 
of detection was almost reached, so that this method would be less sensitive compared to 
measuring the threshold voltage shift. 
   
Fig. 6.14: Influence of NH3 on the hysteresis of the signal. (a) Hysteresis of the signal as function of 
time for 170, 288, and 575 ppb NH3. For reasons of clarity only three curves are shown. (b) Magnitude 
of the hysteresis change when NH3 is turned on and off for all measured NH3 concentrations in the 
range of 680–170 ppb. 
 
It has to be considered that the change in hysteresis over time, except the jumps, was low 
and was also affected by other influences, since the entire sensor characteristic changed 
and not just a shift of the IDS –VG graph occurred. The decrease in IDS over the entire voltage 
range caused by NH3 is shown in Fig. 6.13a and denotes that not only oxide-trapped space 
charge but also interface traps are influenced since the IDS –VG curve became flatter. Plots of 
the drain-source current versus gate voltage VG and time t during the course of a 680 ppb 
NH3 sensing experiment are demonstrated in Fig. 6.13b. In order to visualize the modulation 
of the current upon NH3 and gate voltage changes, color mapping of the recorded signal was 
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employed. In this diagram, the change of the entire sensor characteristic and not only shift 
of ΔVth may very well be recognized by the fact that if two different courses of drain-source 
current over time are compared (e.g. IDS = 3.52 A (light blue) and IDS = 3.47 A (yellow)), those 
are not only shifted, but also the signal shape changes. This can be particularly well ob-
served during the period when the sensor was exposed to NH3. 
The relationship between the NH3 concentration and ΔVth is referred to as calibration curve 
and is shown in Fig. 6.15b. This was determined on the basis of the collected data upon ex-
posure to NH3 at different concentrations, such as those presented in Fig. 6.13. It was not 
possible to apply concentrations below 170 ppb. In order to obtain the threshold voltage shift 
values for these sub ppb concentrations, a fit of the measured data was carried out by using 
a logarithmic function (y = a ln (x ) + b ). The fit parameters are a = -0.7161 and b = 2.0864. 
Therefore the equation relating the NH3 concentration to the sensor response is:         
ΔVth = -0.7161 ln (x ) + 2.0864, where x is the NH3 concentration expressed in ppb units. 
With this fit, the signal of the concentrations below the 170 ppb level down to the limit of 
detection (LOD) can be evaluated. Thus, the equation allows finding the NH3 concentration 
corresponding to a threshold voltage variation of ΔVth = 3 σ, where σ is the standard devia-
tion and represents noise fluctuations. This NH3 value is consistently referred to as LOD. The 
detection limit for solid-state gas sensors is usually defined as the minimal concentration 
that causes a signal exceeding the sensors’ intrinsic noise [290], see also section 2.3.2. In-
deed, according to the equation 3 σ = -0.7161 ln (LOD) + 2.0864, by assuming a typical fluc-
tuation σ = 0.002 V (Fig. 6.15a), the detection limit is approximately 20 ppb. This is illustrated 
by a red square in Fig. 6.15b. 
 
Fig. 6.15: Calibration curve of the SiNW based NH3 sensor. (a) Noise of the sensor. (b) ΔVth in depend-
ence of the NH3 concentration. A higher threshold voltage shift occurs with higher NH3 concentra-
tions. The dot-dash line is the fit of the measured values. 
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A detection of 500 ppb NH3 diluted in clean air was reported for top-down fabricated vertical-
ly aligned SiNWs, while the measurement of a concentration of 10 ppm NH3 in air was 
achieved with bottom-up grown tellurium-modified SiNWs [24, 27]. To the best of the au-
thor’s knowledge, the present results demonstrate the lowest NH3 concentration so far 
measured in air with a sensor based on SiNWs. The data also shows that lower detection 
limits can be expected by doping or functionalization of the SiNWs to enhance the amount of 
OH-groups on the nanowire surface for more interactions in the form of hydrogen bonds 
between NH3 and the SiNW surface. 
Due to the small variations of the tested NH3 concentrations, the standard deviation was 
determined for a concentration of 575 ppb for two measurements. The coefficient of vari-
ance between different measurements was 2.23 V ± 0.25 V. Response times for different 
concentrations were also determined and are shown in Fig. A.2a in the appendix. It can be 
seen that the response time slightly increased with increasing concentrations. Owing to the 
very long recovery time of the sensor, the recovery time was calculated after 50 % of the 
signal intensity was reached (Fig. A.2b). The recovery time remained approximately constant 
in dependence of the concentration. However, the coefficients of determination are very low 
and thus further investigations on response and recovery time have to be done in order to 
determine the exact correlation between those times and the NH3 concentration. 
6.5.5 Effect of Humidity 
Moisture is present in various concentrations in most surroundings. Therefore, the influence 
of humidity on the sensor response is crucial to know. The sensor was installed in the 
chamber and the relative humidity was varied, whereas the temperature was kept constant 
at 25 °C. Sweeping of VG was changed for subsequent measurements from -4–+4 to -2–+4, 
because no change in the IDS –VG characteristic occurred for VG < -2. This behavior was 
caused by the low quality of native oxide on the nanowire surface. SiNWs with a natively 
grown oxide shell have a bad dielectric layer between the gate dielectric and Si channel in-
cluding charge trapping sites and possible water incorporations. This deficient dielectric layer 
possesses a serial capacitance degrading the oxide capacitance and gate coupling [240]. The 
transfer characteristic is shifted to the right (positive VG), on/off ratio is low, and n-conduction 
cannot be reached (Fig. 6.9a). This charge trapping related hysteresis is discussed in detail in 
the following and in section 6.5.6. 
Dry air was used as carrier gas. The humidity-controlled air was prepared by varying the mix-
ing ratio of a dry air and water-saturated air, which was prepared by bubbling the air through 
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water. A constant total flow of 1000 ml/min was ensured and RH was at 17.5, 34.5, 52.5, 
and 69.5 %, respectively. During the measurement, no NH3 was introduced to the chamber. 
The temperature in the furnace was stabilized at 25 °C. As an illustration, Fig. 6.16 displays 
the effects of changing humidity. Similar to many gas sensors, the SiNW based gas sensor 
also responded to humidity [291].  
The influence of the relative humidity to the transfer characteristics of SiNWs is shown in 
Fig. 6.16a. The IDS –VG curve shifts were examined during the stabilization of the relative hu-
midity in sensor chamber. Under a constant relative humidity, H2O molecules were pre-
sorbed in the nanowires, resulting in a negatively shift of the IDS –VG characteristic. Fig. 6.16b 
shows the threshold voltage shifts over time at various relative humidity. The sensor linearly 
responded to humidity over the range investigated 17.5–69.5 % RH at 25 °C (Fig. 6.16c). 
The threshold voltages were shifted from 0 to -0.19 V on increasing the relative humidity 
from 17.5 to 69.5 %, because H2O molecules were absorbed by the large amount of hy-
droxyl groups at the surface of the SiNWs [161]. The values for the relative humidity were 
17.5, 34.5, 52.5, and 69.5 % converted into absolute humidity values results in 4, 8, 12, and 
16 ppm, respectively. In comparison to the applied NH3 concentrations, the H2O concentra-
tions were many times larger, but the sensor signal change was lower showing that the 
sensitivity of the sensor to NH3 was much higher than to moisture. The threshold voltage 
shift for the lowest applied NH3 concentration of 170 ppb was -1.7 V compared to -0.2 V for 
16 ppm H2O. Nevertheless, the humidity changes detected by the sensor are obvious. The 
reasons for this are capacitance changes, which can be attributed to the adsorp-
tion/desorption process of water molecules on the surface of the SiNWs [274]. 
The response time τ90 and recovery time τ10 showed a linear dependency to the relative hu-
midity. With increasing humidity the response and recovery time decreased (Fig. 6.16c). It 
was observed that the response time was in the range of 55–92 s and the recovery time 
was 28–112 s. Consequently, the response time for humidity changes was much faster than 
the response time towards NH3. So, the response time to 170 ppb NH3 was 15 min, where-
as the sensor reached saturation after only 55 s for 16 ppm H2O (34.5 % RH). A total recov-
ery of the signal occurred after a few seconds to minutes, whereas it took several hours for 
the signal to recover after exposure to NH3. The surface of SiNWs is normally covered by 
many Si–OH chemical bonds [292]. The existence of these hydroxyls enables the hydrophilic 
surface, which leads to the fast response time. It was also found that the recovery time is 
longer than the response time at low RH (≤ 52.5 %), but vice versa at high RH (69.5 %). This 
characteristic was also reported in the literature and is mainly attributed to the sensing pro-
cess of SiNWs [292]. The adsorption process of water molecules on a solid surface can be 
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classified into chemisorption and physisorption. At low RH, firstly a molecule layer adsorbs 
by chemisorption and with RH increasing gradually layer by layer adsorbs by physisorption. 
Thus, at low RH the process is dominated by chemisorption, with the result that water mol-
ecules are usually doubly bonded to two hydroxyls of the surface and cannot move freely. 
This leads to the longer recovery time. However, at high RH, the adsorption process is dom-
inated by physisorption rather than chemisorption, because the van der Waals interaction 
leading to physisorption is much weaker than the chemical bonding interactions leading to 
chemisorption [293]. Consequently, the recovery time can be much shorter than the re-
sponse time. 
As a result, the developed SiNW based sensor has the possibility to be used as a humidity 
sensor. Humidity measurement and control is vital in many areas, such as manufacturing 
processes, automobile industry, packaging, cryogenic processes, environmental monitoring, 
meteorology, flood-warning systems, agriculture, medical field, and domestic applications, 
because of water`s unique properties that greatly influences both living organisms and mate-
rials [45]. 
As shown in Fig. 6.16a, for SiNW based sensors exposed to the ambient environment with 
different RH, hysteresis appeared in the current (IDS) versus gate voltage (VG) characteristics 
(recorded under constant S/D bias VDS) when VG was swept from 0 V to +4 V to -4 V and 
back to 0 V. It is known that the width of the hysteresis in VG is dependent on the sweeping 
rate of the gate voltage, dVG /dt and that the hysteresis is caused by slow charge traps that 
discharge on a time scale longer than several seconds [294]. This effect was not investigat-
ed within this work and the sweeping rate of VG was kept constant. That water induces hys-
teresis and charging effects, was reported on all kinds of back gated nanostructure devices 
[294–298]. The results suggest that charge trapping by water is an important cause of the 
hysteresis in SiNW FETs exposed to the ambient environment besides the existence of 
SiO2 / Si-related charge traps (Fig. 6.16d). Native oxide is known to be porous, hygroscopic 
and be able to swell by water incorporation [299]. Therefore, water from the environment 
can diffuse into the amorphous SiO2. It is assumed that there are two different types of wa-
ter charge traps. The first one involves water molecules that are weakly adsorbed on the 
SiNW surface. These molecules can be easily removed by exposing to dry air. The second 
type includes SiO2 surface-bound water in close proximity to the nanowires. SiNW based 
FET was fabricated on thermally grown SiO2 substrate, which has a surface chemistry that is 
similar to that of silica [300]. When exposed to and stored in ambient air, the thermally 
grown SiO2 surface consists of Si-OH silanol groups and is hydrated by a network of water 
molecules that are hydrogen bonded to the silanols [300]. Due to the hydrogen bonding 
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among water molecules, a multilayer of surface-bound water can be present in ambient air 
(RH 40–50%) [294]. Native oxide shell SiNWs also have O-H bonds at the surface [161].  
Fig. 6.16a shows that after exposure to dry air with 0 % RH there was still a hysteresis. This 
is due to a monolayer or submonolayer of hydrogen-bonded water, which remains on SiO2 
and cannot be removed even by pumping in vacuum over extended periods of time at room 
temperature [300]. From the literature it is known that water bound to silanols on SiO2 can 
be removed by heating in dry environments [300]. This agrees well with the result that hys-
teresis was drastically reduced after heating to 60 °C in air for 30 min (Fig. 6.10b). 
       
   
Fig. 6.16: Sensor response towards relative humidity changes in the range 17.5–69.5 %. (a) IDS –VG 
characteristics for relative humidity between 17.5 and 69.5 %. (b) ΔVth over time for 34.5, 52.5, and 
69.5 % RH. (c) Threshold voltage shift, response, and recovery time in dependence of the humidity 
change. The lines serve as guides to the eye. (d) Hysteresis over time for 34.5, 52.5, and 69.5 % RH. 
 
All of the described hysteresis occurrences correlate well with the H2O-SiO2 surface chemis-
try. This correlation, plus the fact that water is known to act as slow charge traps (removable 
by annealing in dry conditions) in conventional metal oxide-semiconductor devices [301] 
leads to the conclusion that surface water is largely responsible for the hysteresis in the 
SiNW sensor. 
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When investigating hysteresis versus humidity for the device, it was observed that with in-
creasing relative humidity and thus water adsorption resulted in increased hysteresis, espe-
cially for 69.9 % RH (Fig. 6.16d). This is likely due to a higher concentration of permeated 
H2O molecules in the native SiO2 layer. Moreover, after changing the RH back to 17.5 %, 
hysteresis decreased. It is assumed that this recovery is due to detrapping of trapped elec-
trons in the gate oxide. This effect is reported for MOSFETs and is generally more success-
ful for p-type MOSFETs [302] than for n-type MOSFETs [303], because nMOSFET degrada-
tion is normally due to interface trap generation [304], while pMOSFET degradation is domi-
nated by electron trapping in the gate oxide [302]. The trapped charge in the oxide can be 
partly detrapped, but generated interface traps are hard to remove. This is also supported by 
the fact that interface traps lead to a flattening of the IDS –VG characteristic, which cannot be 
observed (Fig. 6.16a). In summary, the increase of the hysteresis is caused by water in-
duced charge trapping in the native oxide on the surface of SiNWs. 
Through a control experiment by changing the relative humidity from 17.5 % to 0 %, it was 
assumed that a noticeable decrease in hysteresis takes place. Surprisingly, the hysteresis 
increased even though much lower than in comparison to 69.5 % RH (Fig. 6.17b). This can 
be due to the existence of SiO2 / Si-related charge traps [305] and the above mentioned 
monolayer of hydrogen-bonded water, which cannot be removed by exposing to dry air. By 
reducing the RH from 17.5 to 0 %, a positive threshold voltage shift occurred compared to a 
negative shift for increasing RH. 
   
Fig. 6.17: Sensor response towards 0 % RH. (a) ΔVth over time for RH = 0 %. (b) Hysteresis change 
over time for RH = 0 %. 
 
In the following, NH3 sensing characteristics of devices based on SiNWs with a native oxide 
shell in dependence of the relative humidity in the atmosphere was investigated. The influ-
ence of the relative humidity in the range of 0–52.5 % on the sensing properties towards 
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NH3 of SiNWs is shown in Fig. 6.18. During the measurement, the concentration of NH3 was 
regulated at 680 ppb and the temperature remained constant at 25 °C. The flow rate of dry 
air had to be minimum 200 ml/min, because the gas flow with NH3 is connected to that flow 
with a constant flow rate of 200 ml/min. The total flow for a NH3 concentration of 680 ppb 
was 1000 ml/min and included also the water-saturated air flow. As already mentioned, the 
relative humidity was controlled by varying the mixing ratio of dry air and water-saturated air. 
Therefore, it was not possible to adjust a relative humidity of 69.5 % at a NH3 concentration 
of 680 ppb. The dry air flow would be 0 ml/min in that case. The concentration of NH3 gas in 
the measuring atmosphere was varied between pure air and 680 ppb by mixing NH3 and the 
humidity-controlled air. The IDS –VG curve shifts were examined under a constant relative hu-
midity before introducing NH3 and after exposure to NH3. The responses of the sensor ex-
posed to 680 ppb of NH3 at various relative humidity are illustrated in Fig. 6.18a. The humidi-
ty had a significant effect on the performance of the sensor when detecting the low concen-
tration of NH3. The threshold voltage shifts stabilized at a relative humidity of 0, 17.5, 34.5, 
and 52.5 % and reached values of -3.0, -2.3, -1.7, and -1.4 V, respectively. The diagram with 
the ΔVth shift over time is shown in the appendix (Fig. A.3).  
   
Fig. 6.18: Sensing responses of the SiNWs based sensor upon exposure to 680 ppb NH3 at different 
humidity. (a) IDS –VG characteristics for a humidity range of 0–52.5 % upon exposure to NH3. 
(b) Threshold voltage shift, response, and recovery time towards NH3 in dependence of the humidity. 
The lines serve as guides to the eye. 
 
It can be observed that the responses decreased with increasing the relative humidity after 
introducing NH3 (Fig. 6.18b). This is consistent with results found in the literature [306]. The 
decrease in sensitivity with increasing water vapor concentration can be explained by the 
reduction of the number of available sites for NH3 adsorption caused by water molecules, 
which decreases the NH3 dissociation rates given that the active site density has been de-
creased [306]. 
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However, with a higher relative humidity the response time was reduced from 67 min at 
0 % RH to 14 min at 52.5 % RH. The reason can be due to the amount of H2O molecules 
absorbed on hydrophilic OH-groups on nanowire surfaces were increased by increasing the 
relative humidity. NH3 molecules are easy to be absorbed by H2O molecules. The formation 
of hydrogen bond between NH3 and H2O molecules was confirmed by the coadsorption 
study of NH3 and H2O [307]. Therefore, the type of bonding is changed resulting in faster 
response and recovery times. 
Due to the linear dependency of sensing response and RH, the effect of humidity on the 
sensor signal can be eliminated by independently measuring humidity and performing a hu-
midity calibration. 
6.5.6 Influence of Temperature 
A reasonable sensor operation with a stable signal baseline under ambient conditions re-
quires that the temperature has no influence on the signal. This can be achieved in two 
ways. Either by keeping the operational temperature of the device constant at an elevated 
level above room temperature by means of an external temperature controlled heater, or by 
avoiding the influence of temperature to the device as much as possible. In practice, both 
methods are applied [308]. For the second approach it is first necessary to carry out a good 
comprehension of the temperature influence to the SiNW based sensor, which is done in 
the following. 
Measurements were performed under a dry air purge and the space including the sensor 
inside the furnace was heated to temperatures between 25 °C and 50 °C. The threshold 
voltage shift over time is illustrated in Fig. 6.19b. The starting temperature (reference tem-
perature) was 25 °C for all measurements. After a stable baseline of the signal was reached, 
the temperature of the furnace was increased to 30, 40, and 50 °C, respectively. This took a 
few seconds. After 2000 s (33 min) the furnace was cooled down to 25 °C again, which 
took 5–10 min. It was observed that a linear dependency between sensor signal, re-
sponse/recovery time and temperature exists (Fig. 6.19c). In contrast to the signal and sens-
ing times towards humidity variations, with increasing temperature the sensing response 
increased as well as response and recovery time. The response time was between 13 and 
16 min, which was higher compared to the time needed to reach a stable baseline after a 
humidity change, but lower than the response time towards 680 ppb NH3 at 17.5 % RH. 
Fig. 6.19a shows the IDS –VG characteristics of the SiNW based FET recorded at four different 
temperatures of 25, 30, 40 and 50 °C. With increasing temperature, ΔVth was shifted posi-
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tively with a value of 0.04 V/°C. This can be attributed on the one hand to the decrease in 
relative humidity and thus less water at the SiNW surface due to the rising temperature, 
which is consistent with the positive shift of ΔVth with reducing RH (Fig. 6.16a). On the other 
hand, with increasing temperature more charge carriers have sufficient energy to overcome 
the energetic barrier via thermionic emission. The increase of on current is caused by the 
enhanced generation of charge carriers in the semiconductor, but also from the modified 
Fermi distribution in the metal leading to a higher tunneling rate. 
     
 
Fig. 6.19: Sensor response towards temperature changes in the range 30–50 °C. (a) IDS –VG character-
istics for temperatures between 25 and 50 °C. (b) ΔVth over time for 30, 40, and 50 °C. (c) Threshold 
voltage shift, response, and recovery time in dependence of the temperature. The lines serve as 
guides to the eye. (d) Hysteresis over time for 30, 40, and 50 °C. 
 
The hysteresis showed temperature dependence as well. Fig. 6.19d demonstrates that the 
hysteresis increased with higher temperatures. This was also reported in previous works 
and possible reasons were described, such as a higher probability of chemical surface reac-
tions, increased ion mobility, or excess energy for charge carriers to tunnel into deep traps 
[240]. In a simplified model, it can be assumed that traps below the Fermi level are filled. 
According to the Fermi Dirac distribution for a higher temperature more charge carriers at 
high energy levels are available, which can fill traps and cause hysteresis. In Fig. 6.19a, only 
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a shift of the IDS –VG curve and no flattening is observed revealing that just charge trapping in 
the oxide occurs and no SiO2 / Si interface trapped charges. 
It is well-known that temperature has an influence on the adsorption processes at the sensi-
tive surface. Both the quantity of adsorbed species and the adsorption dynamics are affect-
ed. Thus, the sensitivity of semiconducting gas sensors is greatly dependent on the operat-
ing temperature and exhibits a peak value at a certain operating temperature. In order to 
obtain the optimum operating temperature, the sensitivity of the sensor was measured in 
the temperature range of 25–50 °C with 17.5 % RH at a fixed concentration of NH3 
(680 ppb). The results are shown in Fig. 6.20. Before exposing to NH3, the sensor was heat-
ed up to the respective temperature and then it was waited until the signal was stable, i.e. at 
the earliest after 16 min, which was found out to be the highest response time (Fig. 6.19c). 
In general, the sensitivity of the sensor upon exposure to NH3 decreased with increasing 
temperature (Fig. 6.20b). This trend is consistent with previous reports on NH3 detection 
with SiNWs [27]. The diagram with ΔVth as a function of time is shown in the appendix (Fig. 
A.4). Maximum sensitivity of the sensor was found at 25 °C in the experimental range. 
Therefore, this optimal operating temperature was applied in all the investigations in this 
work.  
The response time slightly decreases with increasing temperature. The recovery time was 
determined, when the sensor signal reduced to 50 % of the saturation value under NH3 ex-
posure. The recovery time also decreases with higher temperatures. This is attributed to the 
temperature dependence of the desorption rate of gas molecules on solid surfaces, see 
equation 6.4. Above a temperature of 40 °C the recovery time remains approximately the 
same (Fig. 6.20b).  
   
Fig. 6.20: Sensing responses of the SiNWs based sensor device at different temperatures upon ex-
posure to 680 ppb NH3. (a) IDS –VG characteristics for a temperature range of 25–50 °C upon exposure 
to NH3. (b) Threshold voltage shift, response, and recovery time towards NH3 in dependence of the 
temperature. The lines serve as guides to the eye. 
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One of the most challenging issues for the realization of an effective gas sensor is to 
achieve selectivity with high sensitivity. The substances used in this work to study the selec-
tivity of SiNW based sensors are typically found in residential environments and are repre-
sentative for a number of substance classes, respectively. For the measurements six sub-
stances, namely acetone (C3H6O), acetonitrile (C2H3N), chloroform (CHCl3), ethanol (C2H6O), 
ethyl acetate (C4H8O2), and toluene (C7H8) diluted in air were applied to the sensor. These 
substances are the most common solvents in living areas that cannot only be found in the 
building substance but also in furniture, wallpaper, paint, flooring, and varnishes. The flow 
over the sensor was kept constant at 1000 ml/min and the exposure duration was 300 s. 
In Germany, statutory occupational exposure limits (Arbeitsplatzgrenzwerte AGW) exist, 
which are the time-weighted average concentrations of substances in the workplace air in 
which an acute or chronic damage to the health of employees is not expected. These 
thresholds are published in the “Technische Regeln für Gefahrstoffe 900” (TRGS 900 Ar-
beitsplatzgrenzwerte) [309] and given for the applied substances in Table 6.2. The concentra-
tions of the tested substances were chosen to be much higher than the allowed occupa-
tional exposure limits (Table 6.2). The corresponding response amplitudes detected at 
17.5 % RH and a temperature of 25 °C are summarized in Fig. 6.21a for one specific sensor 
device. It can be observed that there is no correlation between the applied substances and 
the sensor signal. These results clearly demonstrate the high selectivity of SiNW based sen-
sors for NH3 and, especially, ketones, nitriles, halogens, alcohols, esters, and aromatics. 
Table 6.2: Tested substances with corresponding concentrations and occupational exposure limits. 
Substance class Representative Concentration Exposure limit1 
Ketones Acetone 1200 ppm 500 ppm 
Nitriles Acetonitrile 900 ppm 20 ppm 
Halogens Chloroform 2000 ppm 0.5 ppm 
Alcohols Ethanol 4000 ppm 500 ppm 
Esters Ethyl acetate 5000 ppm 400 ppm 
Aromatics Toluene 2000 ppm 50 ppm 
1 Values from TRGS 900 Arbeitsplatzgrenzwerte [309] 
 
To exclude the possibility that the sensor broke before selectivity measurements were car-
ried out, the sensor was exposed to NH3 again after those measurements. For this, a con-
centration of 680 ppb was used in 17.5 % RH and 25 °C for 20 min. The response was 
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compared to the one before selectivity measurements. The same characteristic trend and 
magnitude of the signal change was observed (Fig. 6.21b) with a standard deviation value of 
±0.48 V, which is consistent with the value of repeatability to 680 ppb NH3 determined in 
section 6.5.3 (±0.25 V). This confirms the assumption that the sensor was able to selectively 
detect NH3. 
  
Fig. 6.21: Sensing properties of a SiNW sensor for various substances. (a) Comparative plots of the 
resulting dynamic sensing responses to six different vapors at diverse concentration levels: acetone 
(1200 ppm), acetonitrile (900 ppm), chloroform (2000 ppm), ethanol (4000 ppm), ethyl acetate 
(5000 ppm), and toluene (2000 ppm). (b) Comparison of the signal intensity before and after selectivity 
measurements. NH3 was still detected with the same sensitivity. 
6.5.8 Sensor-to-Sensor Reproducibility 
To test the reproducibility of measurements between different devices, three devices were 
exposed to 680 ppb NH3 at 17.5 % RH and 25 °C for 80 min followed by recovery of devices 
facilitated by purging with air for 2 h. Fig. 6.22 summarizes the results of these studies for 
three devices. Fig. 6.22a shows the responses of three sensors over one cycle of exposure 
towards NH3. The coefficient of variance between devices was 4.8 V ± 1.8 V for the expo-
sure to 680 ppb NH3. Thus, a reproducibility of 37.5 % was determined. The average value 
of the response time was 46 min ± 6 min and for the recovery time 265 min ± 168 min. The 
recovery time was determined by exponential fitting of the recovery curve and is thus just an 
approximated value.  
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Fig. 6.22: Response towards NH3 gas of three SiNW based sensors prepared according to the same 
fabrication procedure. (a) The change in ΔVt in response to NH3 (exposed for 80 min) at 680 ppb. (b) 
Average values of response, response time, and recovery time of the three sensors. Vertical error 
bars represent standard deviations from the mean response, response time, or recovery time for 
three devices. 
 
It was assumed that with increasing sensing response the response and recovery time are 
faster, because more oxygen is found on the SiNW surface and thus more binding sites. 
Surprisingly, this was not confirmed by the measurements. Instead the recovery time in-
creased with increasing sensor response. The standard deviation of the sensing response of 
the different sensors was quite high due to the individual fabrication of the devices. The im-
provement of the sensor-to-sensor reproducibility can be realized technologically, e.g. by 
fabricating a single chip containing many devices. 
6.5.9 Long-term Stability 
Stability is the ability of a sensor to retain its performance characteristics, like sensitivity, 
selectivity, response, and recovery time, for a certain period of time. To speed up the inves-
tigation of the long-term stability, the gas sensor was aged in air at 60 °C for 3 days. This 
corresponds to approximately one year of continuous operation, which is a value of experi-





 e ,                       (6.5) 
where k is the rate constant of a chemical reaction on the absolute temperature T, A is the 
pre-exponential factor, EA is the activation energy, and R is the universal gas constant. 
At normal temperature T1 (T1 = 293 K) a chemical decomposition reaction with EA and corre-
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If an EA of 90 kJ is assumed, a ratio of k2 / k1 = 100 with R = 8.3144621 J·mol
-1·K-1 is deter-
mined. This means that reaction 2 is 100 times faster than reaction 1, because of the tem-
perature increase. This procedure is mainly dependent on EA, which is in the gas phase usu-
ally between 30 and 100 kJ. 
After the aging, the sensor was measured with 680 ppb NH3 exposure under the same con-
ditions as before with 17.5 % RH and 25 °C. Fresh means that the sensor was stored in air 
at room temperature for several months before usage. The sensing responses of the fresh 
and aged sensor are compared in Fig. 6.23a. The sensing response of the aged sensor is 
19 % of the response of the fresh sensor. This means that the signal intensity decreased by 
81 % for a period of one year of continuous operation. The response time of around 54 min 
is higher than that one of the fresh sensor (44 min). It can also be seen that no recovery of 
the signal takes place. Therefore, no recovery time could be determined. 
The IDS –VG curves of the fresh and aged SiNW sensors are shown in Fig. 6.23b. Here, num-
ber ① represents the curves before exposure to NH3, number ② stands for the graphs un-
der 680 ppb NH3 exposure, and number ③ shows the sensor recovery after 2 h. The hyste-
resis of the IDS –VG curves was reduced after aging of the sensor. This effect was discussed 
in detail in section 6.5.6. Additionally, the graphs are shifted comparable to the shift reported 
in section 6.5.2. 




Fig. 6.23: Comparison of the 680 ppb NH3 detection of a fresh and an aged sensor. (a) The responses 
of the fresh and aged sensor as a function of sensing time to 680 ppb NH3. (b) The IDS –VG curves of 
the fresh and aged SiNW based sensor. 
 
It is reported in literature that semiconductors do not guarantee high stability of gas sensor 
parameters [45]. In an oxygen atmosphere, surface oxidation takes place. This inevitably 
leads to the change of electronic, adsorption, and catalytic properties of the semiconductor 
surface [257]. Ihokura and Watson [310] attribute the aging process to a progressive in-
crease in surface coverage by chemisorbed oxygen with corresponding changes in both 
grain-boundary resistance and capacitance, which indicates the corresponding changes in 
the grain-boundary barrier height and the width of depletion layer. However, the stability of 
SiNW based NH3 sensors after long-term storage has not been reported yet in the literature.  
After NH3 measurements, the sensors were studied by SEM, but no changes in the struc-
ture or of the surface could be observed.  
One of the principal limitations of silicon nanowires with a native oxide shell is its high sur-
face activity leading to adsorption of moisture, oxygen and other contaminants in the ambi-
ent which subsequently change the composition of the native SiO2 and cause its degradation 
by aging. Oxidizing of the SiNWs is one approach for improving its stability, which can be 
carried out by thermal oxidation (see section 4.2). This was done in this work and the results 
of the study of SiNWs with a thermally grown SiO2 shell are presented in the following. 
6.6 Sensors based on Silicon Nanowires with a Thermally Grown Oxide Shell 
The electric characteristic of FETs is largely dependent on the properties of the dielectric and 
the interfaces to the semiconductor [250]. The requirement for unshifted characteristics 
without hysteresis and for the fabrication of high electron and hole current densities is a 
charge poor, wire surrounding dielectric. On the one hand, an improved gate coupling due to 
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lower electrical fields perpendicular to the current direction leads to a lower probability of 
forming trapped charges. On the other hand, a reasonable dielectric forms less trapped 
charge states. In the modern semiconductor industry, gate oxides with a permittivity of 
εr > εSiO2 = 3.9 are established [311]. For that, a coating of the wires with the dielectric is re-
quired. Owing to the resulting intermediate layer through the native wire oxide, a high inter-
face state density is expected. An alternative to the coating is the thermal oxidation of the 
wires. The interface grows into the wire during oxidation. In bulk silicon, the material system 
of thermally grown SiO2 on Si was used as standard gate oxide used in MOSFET technology 
for several decades, because of low interface traps [312] and the simple fabrication proce-
dure [313]. 
In this work, the described approach was implemented by removing the native oxide shell 
and subsequent thermal growth of the SiO2 layer (see section 4.2). Applied to the sensor 
principle used here, it means that above mentioned effects of hysteresis caused by charge 
trapping can be reduced. It was shown that hysteresis leads to a change of Vth over time. 
Since Vth is the analyzed sensor response, which indicates the presence and concentration 
of the analyte, measurements can be falsified. Additionally, the influences of humidity and 
temperature on the sensor response, which are promoted by charge trapping, will be re-
duced by SiNWs with thermally grown SiO2. Also, the amount of oxygen (possible binding 
sites) is increased due to the higher homogeneity of the SiO2 shell on the surface of the 
nanowires, which can lead to an enhanced sensitivity.  
The IDS –VG characteristics and threshold voltage shift ΔVth of those devices were studied 
under the influence of ammonia, humidity change, and temperature variations. The drain-
source current was measured at VDS = 0.25 V by sweeping VG from -8 to +15 V. The gate 
voltage was swept in the same way as for the native oxide shell SiNWs from 0 V to +15 V to 
-8 V and back to 0 V. 
6.6.1 Drift Investigation 
Zero drift was determined by exposing the sensor only to the carrier gas without NH3, which 
was dry air, and measuring the threshold voltage drift ΔVth for 1 h. Vth drift was recorded by 
applying a constant drain-source voltage of 0.25 V and a gate voltage of -8 – +15 V (Fig. 
6.24). IDS was continuously recorded. It was observed that the threshold voltage was contin-
uously shifted towards negative VG, whereas the ΔVth drift of the sensor based on natively 
grown oxide SiNWs was towards positive VG. This can be due to the various reasons that 
exist for the occurring of shift (section 6.5.1). Moreover, the signal drift value was measured 
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to be 350 mV/h in average, which is approximately one order of magnitude higher than the 
zero drift value of native oxide shell SiNWs. This can be attributed to the shorter 
measurement period of 1 h compared to 3 h. As can be seen in Fig. 6.24b the drift 
decreased over time.  
 
Fig. 6.24: Threshold voltage drift over a period of 3 h. (a) Drain-source current in dependence of the 
gate voltage in the range of -8 – +15 V. The curves are shifted to positive VG over time and the hyste-
resis does not change. (b) Magnified detail of the IDS –VG curves in the range of 2–6 V. For reasons of 
clarity the IDS,up  and IDS,down  values were averaged. The grey arrow indicates the shift direction of Vth. 
6.6.2 Influence of Ammonia, Humidity, and Temperature 
In order to compare the sensing performance of thermally grown SiO2 shell nanowires with 
native oxide SiNWs, former were first exposed to NH3 and then the effect of humidity and 
temperature on the sensors was investigated. 
 
Ammonia 
Signals are collected by 10 min under flowing NH3 with preceding and subsequent air flow at 
17.5 % RH and 25 °C. Source-drain current (IDS) versus VG curves (at VDS = 0.25 V) were car-
ried out during the exposure experiment (VG ranged from -8 to +15 V). The results from ex-
posing SiNW devices to different concentrations of NH3 are shown in Fig. 6.25. Devices 
made from thermally grown oxide shell SiNWs showed no response to the same concentra-
tions of NH3 as used for exposures to native grown oxide shell SiNWs (Fig. 6.13a). Further 
controls, in which 1.36 ppm of NH3 was applied instead of 680 ppb, showed no signal re-
sponse to NH3 either. The small variation between IDS –VG curves of 680 ppb and 1.36 ppm 
are attributed to normal drift. The value of ΔVth is -0.4 V for 10 min NH3 exposure to 
1.36 ppm compared to a value of 1.8 V for natively grown SiO2 shell SiNW based devices.  
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Fig. 6.25: IDS –VG characteristics before and after exposure to NH3 with concentrations of 680 ppb and 
1.36 ppm at 17.5 % RH at 25 °C for 10 min, respectively. 
 
The isolating thermally grown SiO2 layer with a thickness of 6 nm, which corresponds to 60 
Å and thus 60 atomic layers, seems to be too thick, so that no interaction with the semicon-
ductor can take place. Possible oxide surface charges on the outside have a reduced influ-
ence on the potential in the active region through the increased distance from the active 
region. This results in a lower influence by adsorbates from the ambient air [314]. 
 
Humidity 
The relative humidity in the ambient environment of the sensor was changed from 17.5 % to 
69.5 % for 10 min and then back to 17.5 % in order to investigate the influence of humidity 
on the device. Temperature was kept constant at 25 °C and the transfer characteristic of the 
FET was measured (Fig. 6.26a). A threshold voltage shift under 69.5 % RH was not detecta-
ble in comparison to a shift of 0.2 V for natively grown SiO2 shell nanowire based sensors. In 
contrast, a change in the hysteresis could be measured (Fig. 6.26b). The average value of 
the hysteresis change from 69.5 % RH compared to 17.5 % RH was 0.11 V. For the native 
oxide based sensor it was slightly higher with approximately 0.12 V. This result shows that 
the hysteresis is affected by humidity, but no shift of the threshold voltage was observed. 
When the humidity is increased, water diffuses into the thermal SiO2 film. This results in the 
production of negative bulk oxide charge and positive interface charge by an avalanche-
injected electron flux [315], which increases the hysteresis. As discussed in section 6.5.5, 
trapped charge in the oxide can be detrapped. This is observed in Fig. 6.26b, where the hys-
teresis decreases after the relative humidity is reduced. 
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Fig. 6.26: Influence of humidity on the devices based on thermally grown SiO2 shell nanowires. 
(a) Transfer characteristics for humidity of 17.5 % and 69.5 %. (b) Hysteresis over time for 17.5 and 
69.5 % RH.  
 
Temperature 
The starting temperature inside the furnace was 25 °C and the drain-source voltage was 
VDS = 0.25 V. Subsequently, the temperature was increased to 30, 40, and 50 °C at 17.5 % 
RH for 2000 s (33 min). The time of 2000 s was chosen in order to compare the results 
with those of the native oxide based sensor. The determined values for response and re-
covery time are not comparable with those from the native oxide SiNW based sensor, be-
cause no new baseline of the signal was reached within the time of increased temperature. 
In general, the same effects were apparent as for the native oxide SiNWs. ΔVth and hystere-
sis increased with increasing temperature (Fig. 6.27c and d). As the temperature increased, 
the drain-source current increased in higher voltage than the VG for the minimum value of 
the IDS (Fig. 6.27a). This means, the ambipolar IDS –VG curve shifted negatively. However, for 
the IDS in lower voltage than the VG for the minimum value of the IDS, no negative shift could 
be seen. Instead the IDS –VG  curves of the sensor recorded at four different temperatures 
between 25 and 50 °C intersect in one point at VG = 0 V. This point is called the isothermic 
point and in this point the influence of temperature on IDS is minimal [308]. This effect was 
also described for a FET using a gas sensitive film [308] and can be qualitatively, but not 
quantitatively applied to a FET with nanowires. The temperature concerning a transducer 
FET affects both the mobility µ of charge carriers and the level of the Fermi energy eΨF. The 
following temperature dependence for the linear regime of the IDS –VG characteristics can be 
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where L is the effective channel length, W the effective channel width, CTot the total capaci-
tance across the insulator, Vth the threshold voltage, VDS the drain-source voltage, µ the in-
version charge carrier mobility, QD the charge of depletion layer. Owing to the counteracting 
behavior of both contributions (subtraction) a point can be found with dIDS / dT  being mini-
mal. This point can be chosen by variation of the gate voltage VG.  
  
  
Fig. 6.27: Sensor response of a thermally grown oxide SiNW based device towards temperature 
changes in the range 30–50 °C. (a) IDS –VG characteristics of a SiNW FET at temperatures between 25 
and 50 °C. (b) ΔVth over time for 30, 40, and 50 °C. (c) Threshold voltage shift, response, and recovery 
time in dependence of the temperature change. The lines serve as guides to the eye. (d) Hysteresis 
over time for 30, 40, and 50 °C. 
6.7 Comparison of the Performances of Native and Thermal Oxide Shell Sili-
con Nanowire based Sensors 
In order to compare the sensing properties of natively and thermally grown oxide SiNWs, the 
results are summarized in Table 6.3. It can be seen that the respective values for the thresh-
old voltage shifts, which were used in this work as sensor response, were all higher for na-
tive oxide SiNW based devices than for thermal oxide SiNW based sensors. Especially for 
the detection of NH3, native grown oxide shell sensors showed a high sensing response of 
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175 % after 10 min of 1.36 ppm NH3 exposure at 17.5 % RH and 25 °C, whereas thermal 
oxide SiNWs did not respond. A similar behavior was observed for humidity changes, where 
just natively grown SiO2 shell SiNWs showed a Vth shift owing to a RH variation from 17.5 % 
to 69.5 % at 25 °C. This is a great advantage of the thermal oxide SiNWs sensors compared 
to the native oxide devices, because if they do not react to moisture changes, those sensors 
can be used in an environment with humidity variations (which is the case in almost any ap-
plication) without further electronics for considering one of the major interfering influences. 
However, a change in the hysteresis as a result of the humidity variation was observed for 
both sensor types. That the device with natively grown oxide showed a larger hysteresis 
than the device with thermally grown oxide is because of the presence of charge carrier 
traps in the native oxide, which leads to charge trapping by water (section 6.5.5). The posi-
tive Vth shift as a result of temperature variations is also higher for native than for thermal 
oxide shell SiNWs. It was not expected that the hysteresis increases more with increasing 
temperatures for thermal oxide shell SiNWs than for native oxide shell SiNWs. 
Table 6.3: Comparison between sensing performances of natively and thermally grown oxide SiNW 
based devices. 
 Native oxide SiNWs Thermal oxide SiNWs 
Influences ΔVth (V) Hysteresis (V) ΔVth (V) Hysteresis (V) 
NH3: 1.36 ppm  -1.75  -0.38  
RH = 69.5 % -0.19 0.12 0.00 0.11 
T = 30 °C 0.21 0.02 0.11 0.02 
T = 40 °C 0.77 0.06 0.25 0.07 
T = 50 °C 1.14 0.09 0.40 0.14 
 
To conclude, it was demonstrated that sensors based on SiNWs with a natively grown SiO2 
shell show a better sensing performance towards NH3 than devices with thermally grown 
oxide shell SiNWs. This is attributed to the lower amount of charge carrier traps in the oxide 
layer of the later mentioned, which also affects the influence of humidity and temperature 
variations. Due to the benefits of the use of thermal oxide, such as less shifted transfer 
characteristics with lower hysteresis and enhanced sensitivity owing to more possible bind-
ing sites through the higher homogeneity of the SiO2 shell, further research activities should 
focus on the growth and subsequent investigation of thinner thermal SiO2 layers on the sur-
face of SiNWs. 




In chapter 6, sensors based on natively and thermally grown SiO2 shell SiNWs were electri-
cally characterized, their sensing performance towards ammonia was investigated, and final-
ly the results were compared. The electrical characterization revealed that devices based on 
native SiO2 shell SiNWs exhibit unipolar behavior with a transfer characteristic shifted to pos-
itive VG and hysteresis. Thermally grown oxide shell SiNW sensors however, show an ambi-
polar IDS –VG characteristics with a lower hysteresis. Introductory, the most important re-
quirements on gas sensors were described and served as basis for subsequent measure-
ments. The sensor properties can be classified into static and dynamic behavioral character-
istics and their analysis requires appropriate diagrams, which were presented. 
Firstly, sensors based on SiNWs with native oxide were investigated. It was observed that 
those devices had a zero drift of 23 mV/h, which can be caused by local heating of the sen-
sor element and further yet unexplained mechanisms. The response and recovery time were 
measured to be 44 min and 73 min, respectively. It has to be considered that after 73 min 
only 50 % of the saturation value was reached and that a full recovery of the signal took 
several hours. Therefore, a subsequent heating step was introduced, where the sensor was 
heated up to 60 °C for 30 min resulting in a full recovery and hysteresis was drastically re-
duced. The repeatability was determined to be ± 10 %, which is a good value considering a 
allowed repeatability of ± 30 % for measurements of hazardous workplace atmospheres 
according to TRGS 402 and DIN EN 482. A sequence of NH3 exposures in the concentration 
range from 680 ppb to 170 ppb were carried out and indicated that the sensors were able to 
highly sensitively detect NH3. The response of the sensor was 165 % when exposing to 
170 ppb NH3 and the theoretically calculated limit of detection was 20 ppb. It was found out 
that the IDS –VG curve was not only shifted negatively, but also decreased over the entire 
voltage range according to the concentration increase of NH3. This was attributed to the 
transfer of negative charge of NH3 molecules to silicon nanowires. Afterwards, the influence 
of humidity and temperature on the sensor and sensing performance towards NH3 was stud-
ied. Both kinds of interferences affected the sensor behavior, wherein the device turned out 
to be a suitable humidity sensor due to the fast response and recovery time in the range of 
seconds. For increasing values of humidity and temperature, the signal intensity towards 
NH3 was reduced, whereas the response and recovery time was decreased. This result is 
advantageous regarding the energy consumption of the devices, because no heating is re-
quired to achieve maximum sensitivity. The selectivity of the sensors was examined to-
wards six different substances typically found in residential environments and representative 
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for a number of substance classes. Acetone (C3H6O), acetonitrile (C2H3N), chloroform 
(CHCl3), ethanol (C2H6O), ethyl acetate (C4H8O2), and toluene (C7H8) were applied to a device 
with concentrations much higher than the allowed occupational exposure limits according to 
TRGS 900 Arbeitsplatzgrenzwerte. No cross sensitivity to all of the substances was ob-
served making the sensor highly selective to NH3. A sensor-to-sensor reproducibility of 
37.5 % was determined, which was attributed to the fact that the devices were fabricated 
individually. Processes for industry-oriented manufacturing, such as top-down processes, 
can enhance this value, but their application was not the aim of this work. The long-term 
stability of the sensor was investigated by storing the device in 60 °C for 3 days and subse-
quent exposure to NH3. This corresponds to approximately one year of continuous operation 
and it was observed that the signal intensity decreased by 81 %. 
Secondly, devices with thermally grown SiO2 shell SiNWs were studied. Those showed no 
response towards NH3 and humidity. The influence of temperature on the sensors was ob-
served, but lower compared to the preceding sensors. 
To conclude, the results of the devices with native oxide SiNWs show clearly that the sensor 
principle is promising with respect to an application for disease diagnosis by breath analysis. 
For this, it is particularly important that the sensor has a linear dependence to water vapor 
and no cross sensitivity to ethanol, which is a metabolite typically found in the ppm range in 
human breath samples [316]. In this application area, the temperature remains approximately 
constant, a high sensitivity is required, and a small size of the sensor favorable. Only the 
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7.1 Conclusions 
Sensor systems must meet stringent requirements for durability, reliability, and energy effi-
ciency. Based on that, there are a lot of reasons that speak for a miniaturization of sensors. 
Especially in industrial applications the following needs play an increasingly significant role: 
small construction size, easy integration into systems, low power consumption, low weight, 
and significant cost advantages in the mass production of sensors. This work aimed at de-
veloping a nanowire based sensor for highly sensitive and selective ammonia detection hav-
ing the potential to be used in portable instruments with low power consumption. 
After a short introduction, semiconductor materials were motivated as recognition elements 
for gas sensors. Derived from important gas sensing properties, significant advantages of 
nanowires compared to conventional materials were demonstrated. The correlation between 
large surface-to-volume ratio and high sensitivity was described, which is the basis for de-
tecting very low analyte concentrations. Bottom-up and top-down methods, which are the 
two basic approaches for the fabrication of nanostructure based devices, were introduced. 
These two techniques were also used in this work to fabricate devices. Bottom-up methods 
enabled nanosensor fabrication with less technological efforts compared to top-down ap-
proaches paying the price of a lower reproducibility. Among the different nanomaterials, sili-
con nanowires were found to be particularly suitable, because of their uniformity, reproduci-
bility, as well as excellent scalability to name just a few. A peculiarity of the sensors pre-
pared in this work is the Schottky contact, which enables low electrical resistance between 
nanowires and electrodes. The significance of the detection of ammonia was illustrated by 
the versatile application areas of ammonia sensors and known sensing principles are shown 
with their advantages and drawbacks. 
The controlled electrochemical synthesis of copper nanowires from an aqueous Cu(NO3)2 
solution allowed analyzing this method for the fabrication of nanowires for gas sensor appli-
cations. This approach was presented in chapter 3 and enabled the rapid growth of copper 
nanowires with distinct morphologies at predefined electrode locations. The growth of high 
aspect ratio copper nanowires with diameters of about 100 nm and a length of up to several 
micrometers via directed electrochemical nanowire assembly was achieved. It was found 
out that the nanowire morphology was controlled by the metal salt solution concentration 
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and by the amplitude and frequency of the applied alternating voltage. The frequency further 
notably affected the nanowire diameter. The impact of the process parameters on the nan-
owire growth was discussed on the basis of the Butler–Volmer equation. Despite the many 
advantages of the fabrication procedure, some drawbacks, mainly the high operating tem-
peratures and lower expected sensitivity, led to the use of silicon nanowires in the further 
course of the work. 
In chapter 4, the fabrication of silicon nanowire based gas sensors was described. Starting 
from bottom-up grown silicon nanowires with diameters around 20 nm, those were trans-
ferred via contact printing method to the device substrate. The following process step of 
etching the native oxide and then thermally grow an oxide shell distinguished the sensors 
with native oxide shell SiNWs from those with a thermally grown oxide shell. As sensor lay-
out an interdigitated electrode structure contacting the parallel aligned SiNWs was fabricated 
by lithography. The realization of Schottky contacts within the nanowires was done by partial 
oxide etching, Ni sputtering, lift-off, and subsequent annealing for silicidation. 
Chapter 5 dealt with the designed gas measurement setup. After introducing the state of 
the art and requirements of test systems for nanomaterial based gas sensors, the developed 
apparatus was introduced. It comprised four main parts: the gas delivery system to control 
the gas composition and concentration inside the measurement chamber, the gas exposure 
chamber for an attachment of the samples in the gas flow, the read-out electronics to de-
termine the sensing response of the sensors, and the temperature control for the sub-
strates. A measurement protocol was prepared for the testing of sensors in defined gas at-
mospheres. 
The fabricated sensors based on SiNWs with a native or thermally grown oxide shell were 
electrically characterized and analyzed in chapter 6. As basis for the measurements, main 
sensor requirements were defined. Firstly, SiNWs with a native SiO2 shell were studied, 
starting with resistance measurements and determining the drift of those devices, which 
was comparable with drift values of SiNW based sensors reported in literature. Subsequent-
ly, the response and recovery time was determined by exposing to 680 ppb NH3. The re-
sponse time of the device was around 44 min and the recovery time to reach 50 % of the 
sensing response was approximately 73 min, whereas a full recovery took several hours. It 
was observed that the recovery can be enhanced by heating up the sensor to 60 °C for 
30 min. A novel mechanism to detect NH3 was demonstrated by measuring the change of 
the hysteresis under NH3 exposure. This was found to decrease the response time to a few 
seconds, but led to a reduction of the sensor sensitivity. The repeatability to NH3 was meas-
ured to be ±10 %, which is a good value for concentrations in the ppb range and taking into 
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account that a repeatability value of ±30 % is permitted for measurements of hazardous 
workplace atmospheres according to TRGS 402 and DIN EN 482. NH3 concentrations down 
to 170 ppb were measured and a theoretical limit of detection of 20 ppb was calculated. 
These results demonstrated the lowest NH3 concentration measured so far in air with a sen-
sor based on SiNWs. It was found out that the device is an excellent sensor for humidity, 
because of the very fast response and recovery times in the range of a few seconds. As 
expected, with increasing humidity the signal intensity towards NH3 decreases, but the re-
sponse and recovery time also reduces. The influence of the temperature on NH3 measure-
ments was investigated and it was discovered that the maximum sensitivity of the sensor is 
at 25 °C in the experimental range. This is a great advantage, since no additional energy 
consumption for heating of the sensor is needed. In contrast to metal oxide semiconductors, 
which are the most common sensing materials and require high operating temperatures. To 
demonstrate the selective sensing properties of SiNW based sensors, six different sub-
stances, belonging to the most common solvents in living areas and each representative of 
another substance class, were applied to the sensor. The developed sensors clearly showed 
no cross sensitivity. The sensor-to-sensor reproducibility was low with a coefficient of vari-
ance between devices of 4.8 V ± 1.8 V for the exposure to 680 ppb NH3. The long-term sta-
bility was investigated by storing a sensor in air at 60 °C for 3 days. This corresponds to a 
year of continuous operation and after this aging process, signal intensity decreased by 
81 %. Finally, SiNWs with a thermally grown oxide shell were studied in terms of NH3 detec-
tion as well as humidity and temperature influence on the sensors. It was found that those 
sensors neither responded to NH3 exposure nor to humidity changes. Merely a temperature 
dependence was observed. This was attributed to fewer charge carrier traps in the oxide 
compared to SiNWs with a native oxide. 
7.2 Outlook 
Developing a nanosensor requires competences confined in not related disciplines. Major 
efforts will be needed to further engineer such devices. Regarding the use of copper nan-
owires synthesized by DENA, further investigations should involve oxidation processes to 
transform grown copper nanowires into semiconducting CuO nanowires for gas sensor ap-
plications. The scope of functions of the gas measuring apparatus can be further enhanced 
by integrating a humidity variation, which requires additional mass flow controllers for de-
fined gas flows. It was shown that the developed sensors are suitable for respiratory gas 
analyses, since they work despite high humidity values in the right concentration range of 
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50–2000 ppb and temperature range of 20–40 °C as well as showed no cross sensitivity to 
ethanol, which is typically found in the ppm range in human breath samples. Electronics can 
be used to calculate out the linear humidity dependence of the sensor by including a com-
mercial available humidity sensor and the temperature is approximately constant in the 
breath analysis. Apart from the high sensitivity and selectivity of the developed sensors, the 
response and recovery time have to be reduced in order to use these devices for applica-
tions where fast responses are required, such as respiratory gas analysis (response time < 
1 min). This can be realized by e.g. fabricating thinner thermally grown oxide layers (more 
oxygen binding sites) with a thickness of 1–2 nm comparable with the native SiO2 shell or 
surface functionalization of the SiNWs. Further works should include considerations to 
achieve a better sensor-to-sensor reproducibility. One approach can be to find an alternative 
method to align SiNWs on the device substrate to prevent damaging of the SiO2 layer, which 
later results in gate leakage and degraded sensor behavior. The alignment of nanowires with 
microfluidics may represent a solution. In order to bring the sensor in the direction to be 
ready for the market, not only the requirements studied in this work are necessary, but fur-
ther investigations must be carried out such as accuracy, calibration, and robustness tests. 
Market studies foresee a huge need for cheap, accurate, and selective molecular sensors for 
applications as diverse as life technologies, environmental monitoring, and security. Invest-
ment in this field will be essential in playing a leading role in the next massively intercon-
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A.1 Threshold Voltage Shift as Function of Time for Different NH3 Concentra-
tions 
A sensor based on native oxide SiNWs was exposed to NH3 in the concentration range from 
680 ppb to 170 ppb, the relative humidity and the temperature were kept constant at 57 % 
and 25 °C, respectively. The diagram of the threshold voltage shift over time shows that 
with increasing NH3 concentrations the sensing response increases. 
 
Fig. A.1: Threshold voltage shift over time for different NH3 concentrations at 25 °C and a relative 
humidity of 57 %. 
A.2 Response and Recovery Time in Dependence of NH3 Concentration 
Response and recovery times of native oxide SiNW sensors were determined for different 
NH3 concentrations in the range of 680–170 ppb at 57 % RH and 25 °C. With increasing 
concentrations the response time slightly increases, but the recovery time remains approxi-
mately constant. 
















































Fig. A.2: Investigation of response and recovery of the sensor for different NH3 concentrations. 
(a) Response time in dependence of the NH3 concentration. (b) Recovery time of the signal towards 
various NH3 concentrations. The dot-dash lines serve as guides to the eye.  
A.3 Humidity Influence 
The influence of the relative humidity on the sensing response of native oxide SiNWs to-
wards NH3 shows that with increasing humidity the signal intensity decreases in the range 
of 0–52.5 % RH. During the measurement, the concentration of NH3 was regulated at 
680 ppb and the temperature remained constant at 25 °C. 
 
Fig. A.3: Threshold voltage shift over time at different humidity upon exposure to 680 ppb NH3 and at 
25 °C. 
A.4 Temperature Influence 
The sensing response of the sensor was measured in the temperature range of 25–50 °C 
with 17.5 % RH at a fixed NH3 concentration of 680 ppb. The threshold voltage shift as func-
tion of time reveals that with higher temperatures ΔVth decreases. 
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Fig. A.4: Threshold voltage shift over time at different temperatures upon exposure to 680 ppb NH3 at 
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